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I. 


INTRODUCTION 


The  analysis  of  microstrip  is  of  great  importance,  as  this 
type  of  transmission  line  has  found  wide  use  due  to  its  com¬ 
patibility  with  microwave  integrated  circuitry.  The  open 
microstrip  transmission  line  has  been  predominant  because  it 
can  be  etched  or  deposited  easily  on  substrate.  For  the  above 
reasons  in  recent  years,  a  great  deal  of  attention  has  been 
paid  to  the  microstrip  transmission  lines  and  in  particular  to 
microstrip  transmission  and  coplanar  waveguide  on  ferrites. 

Since  ferrite  and  garnets  are  magnetic  insulators ,  the  electro¬ 
magnetic  field  can  penetrate  these  materials  and  most  of  the 
energy  is  confined  in  these  materials  with  very  little  attenua¬ 
tion. 

The  interaction  between  the  electromagnetic  field  and  the 
ferrite  will  render  some  interesting  results,  and  can  be  de¬ 
scribed  in  terms  of  an  effective  permeability.  The  permeability 
is  a  tensor  quantity.  The  presence  of  off-diagonal  imaginary 
parts  in  this  tensor  and  the  fact  that  its  elements  exhibit  a 
resonance  when  the  applied  frequency  equals  the  precession  fre¬ 
quency  of  the  magnetization  vector  results  in  a  number  of  im¬ 
portant  nonreciprocal  effects  which  are  studied  in  this  thesis. 

In  this  thesis  two  types  of  transmission  lines  are  studied. 
First,  a  microstrip  transmission  line  on  ferrite  substrate  was 
designed  (See  Fig.  1-1  and  1-3) ,  constructed  and  tested. 
Secondly,  a  coplanar  waveguide  on  ferrite  substrate  was  designed 
(See  Figs.  1-2  and  1-3)  and  constructed  and  tested.  There  are 
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figure  M  MICROSTRIP  TRANSMISSION  LINE 
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FIGU  RE  1-2  PARALLEL  COUPLED  SLOT 

transmission  line 
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Figure  3-1  a 

MicrostriP  Transmission  Line 


Figure  3  -1  b 

Copianar  Transmission  Line 
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not  yet  any  exact  mathematical  solutions  to  describe  the  be¬ 
havior  of  these  two  structures.  Although  perturbation  theory 
was  used  by  A.  M.  Tufekcioglu  [Ref.  1]  and  K.  D.  Kuchler  [Ref. 
2]  to  indicate  the  attenuation  and  phase  shift  for  these 
structures  and  their  results  were  used  to  make  comparison  with 
the  experimental  results  obtained  in  this  thesis,  the  compari¬ 
son  is  far  from  satisfactory. 
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II.  MICROSTRIP  EXPERIMENTAL  RESULTS 


A.  RESONANT  FREQUENCY  DIAGRAM 

Experiments  using  microstrip  on  ferrite  substrate  were 
carried  out  to  obtain  the  resonant  frequency  of  microstrip 
as  a  function  of  the  applied  biasing  magnetic  field.  The 
resonant  frequency  diagram  of  a  transversely  magnetized  Trans 
Tech  GlOOl  garnet  material  (4ttM^  =  1200  gauss,  =  15.2)  was 
measured  using  a  microstrip  of  an  overall  dimension  of  1"  x  1", 
having  a  width  of  strip  W  =  0.508,  and  thickness  of  sxabstrate 
D  =  0.635  mm.  The  microstrip  was  designed  to  give  a  nominal 
50f2  characteristic  impedance  for  dielectric  substrate  taking 
into  account  Wheeler  permittivity  [Ref.  6].  It  was  coupled  to 
the  50fi  input,  and  output  lines  of  a  Hewlett-Packard  HP  8410S 
network  analyzer  using  SMA  launchers  and  0.085  coax  (solid 
gasket)  and  the  transmission  resonance  frequencies  were  mea¬ 
sured  as  a  function  of  the  applied  biasing  magnetic  field, 
directed  normal  to  the  substrate  (Y  direction;  see  Fig.  1-1) . 
The  applied  biasing  magnetic  field  was  measured  by  a  guass- 
meter.  The  results  are  tabulated  in  Table  2.  Figure  2-1 
shows  the  experimental  resonance  frequency  of  the  microstrip 
as  a  function  of  the  applied  magnetizing  field.  Also  shown  is 
the  ferromagnetic  resonance  frequency 


(1) 


where 


f 


resonance  frequency  in  MHz . 


r 
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applied  biasing  magnetic  field  Ha  IN  GAUS 


Figure  2-1.  Resonance  Frequency  vs.  Transverse  Applied  Biasing 
Magnetic  Field  of  Microstrip  Transmission  Line 


Y  =  gyromagnetic  rotation  in  MHz/oersted. 

H  =  applied  biasing  magnetic  field  in  oersted. 

4TrM^  =  saturation  magnetization  in  gauss. 

N  =  demagnetizing  factor,  which  is  equal  to  1  in 

3. 

this  case. 

The  applied  magnetic  field  was  raised  from  1400.0  to 
4860.0  oersteds,  while  the  frequency  of  the  sweep  oscillator 
of  the  network  analyzer  was  swept  from  1  to  12.4  GHz  in  steps 
of  1  to  2,  2  to  4 ,  4  to  8  and  8  to  12.4  GHz-.  The  resonant 
frequency  of  the  microstrip  was  read  from  the  amplitude  fre¬ 
quency  display  of  the  network  analyzer. 

The  amplitude  frequency  response  of  the  microstrip  was  that 
of  a  band  rejection  filter  and  the  corresponding  frequency  for 
maximum  transmission  attenuation  was  taken  as  the  resonance 
frequency,  as  a  function  of  applied  biasing  magnetic  field. 

With  regard  to  Fig.  2-1,  an  interesting  feature  of  the 
resonance  frequency  curve  is  that  it  has  two  gradients,  name¬ 
ly  from  1200  to  1700.0  oersteds  and  1700.0  oersteds  onward. 

The  reason  for  having  two  gradients  could  be  attributed  to  the 
fact  that  below  1700.0  oersted,  the  ferrite  substrate  is 
partially  magnetized  whereas  above  the  1700.0  oersted  the 
ferrite  substrate  is  fully  magnetized. 

The  experimental  curve  above  1700.0  oersted  runs  parallel 
to  the  curve  plotted  from  Equation  1. 

It  is  also  of  interest  to  notice  that  the  experimental 
curve  eventually  intersects  the  vertical  axis  at  1200  oersteds 
which  is  the  saturation  magnetization  of  GlOOl  and  satisfies 
Equation  1  at  this  point. 
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B.  DISPERSION  DIAGRAM  (ZERO  APPLIED  MAGNETIZATION  FIELD) 

Experiments  using  microstrip  on  ferrite  substrate  were 
conducted  in  order  to  obtain  the  phase  shift  as  a  function  of 
frequency  in  the  case  of  zero  applied  magnetization  field. 

The  ferrite  was  GlOOl  and  the  microstrip  was  of  the  same  di¬ 
mension  and  design  as  the  line  described  in  the  previous  sec¬ 
tion. 

Figures  2-2  to  2-5  show  the  photographs  of  the  phase-fre¬ 
quency  display  on  the  network  analyzer.  The  data  obtained 
from  these  photographs  were  tabulated  in  Table  III,  Appendix 
A.  The  above-mentioned  data  were  plotted  in  Figure  2-6.  Also 
shown  is  the  result  of  the  computer  analysis  for  dielectric 
substrate  [See  Ref.  1] . 

D.  H.  Harris,  F.  J.  Rosenbaum  and  C.  G.  Aiomiller  [Ref.  8] 
have  developed  a  formula  for  parallel  plane  waveguide  filled 
with  ferrite  material.  Assuming  T.E.M. -limit  mode  approxima¬ 
tion,  at  zero  applied  field  the  formula  for  propagation  con¬ 
stant  is 

®T  =  e 

where  [Ref.  9] 


0)  =  2iTY(4TrM  ) 

m  s 


The  theoretical  curve  in  Figure  2-6  is  the  plot  of  equation 
(1) .  It  is  the  infinite  parallel  plane  waveguide  filled  with 
ferrite  substrate  (GlOOl) . 
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Figure  2-2. 
Vertical  Axis; 
Phase  Shift, 
Scale  45  deg/DIV 


Microstrip  phase  shift  vs.  frequency  in  the  absence  of  external 
magnetic  field,  1"  substrate  (GlOOl) .  Horizontal  axis;  frequency 
sweep  from  1  to  2  GHz. 


Microstrip  phase  shift  vs.  frequency  in  the  absence  of  external 
magnetic  field,  1”  substrate  (GlOOl).  Horizontal  axis;  fre¬ 
quency  sweep  from  2  to  4  GHz. 


Figure  2-3. 
Vertical  Axis; 
Phase  Shift, 
Scale  45  deg/DIV 
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Figure  2-4. 
Vertical  Axis 
Phase  Shift, 

Scale  45  deg/DIV. 


Microstrip  phase  shift  vs.  frequency  in  the  absence  of  external 
magnetic  field,  1"  substrate  (GlOOl) .  Horizontal  axis:  frequen¬ 
cy  sweep  from  4  to  8  GHz. 


Figure  2-5. 
Vertical  Axis 
Phase  Shift 
Scale  45  deg/DIV. 


Microstrip  phase  shift  vs.  frequency  in  the  absence  of  external 
magnetic  field,  1"  substrate  (GlOOl).  Horizontal  axis;  frequen- 
'  cy  sweep  from  8  to  12.4  GHz. 
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Also  plotted  is  the  computer  analysis  result  for  dielectric 
substrate  based  on  the  theory  developed  by  A.  M.  Tufecioglu 
[Ref.  1] .  The  experimental  curve  as  measured  by  network 
analyzer  has  a  somewhat  higher  sloper  than  the  computer  analy¬ 
sis  curve,  but  smaller  than  the  theoretical  slope  based  on 
formula  (1) .  One  can  define  an  "average  error"  between  the 
experimental  results  and  the  approximate  theory  (equation  1) 

,  ■theory,'.  ,  1040  -  740  ^  ^  5 

®exp  ’'‘O 

This  is  a  considerable  error  at  9  GHz,  showing  at  zero  applied 
field  the  parallel  plane  theory  is  within  40%  of  microstrip 
experimental  results.  At  higher  frequencies  than  9  GHz,  the 
average  error  decreases  from  the  above  figure,  where  at  lower 
frequencies  than  9  GHz,  it  increases. 

The  average  error  between  experimental  results  and  the 
computer  analysis  [Ref.  1]  result  is 

^corop  ~  _  860  -  740  ^  =  16.2S  at  9  GHz. 

Sexp  ^'‘0 

At  higher  frequencies  than  9  GHz,  the  above  average  error 
decreases  and  below  9  GHz  increases. 

This  in  itself  is  a  significant  result  showing  that  at 
zero  applied  field,  the  theory  for  microstrip  on  a  dielectric 
substrate  is  within  about  16%  of  the  experimental  result  for 
microstrip  on  a  ferrite  (GlOOl)  substrate. 

From  Figure  2-3,  it  is  evident  that  the  phase  shift  is 
constant  in  the  frequency  range  of  approximately  2  to  3  GHz , 
indicating  low  field  losses .  In  this  region  the  microstrip 
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is  behaving  as  a  band  rejection  filter  because  of  low  field 
losses  [Ref.  3] .  The  effect  of  low  field  loss  is  better  seen 
in  the  Insertion  Loss  Photograph,  Fig.  2-8. 

C.  INSERTION  LOSS 

Experiments  were  carried  out  using  the  same  microstrip  as 
in  the  previous  sections,  in  order  to  establish  the  insertion 
loss  at  various  frequencies  in  the  absence  of  any  external 
magnetization  field. 

The  effect  of  low  field  losses  is  very  clearly  evident  in 
Fig.  2-8  where  20  db  loss  is  indicated  from  1.98  to  2.8  GHz. 
Figure  2-9  indicates  the  insertion  losses  from  4  to  8  GHz, 
with  a  maximum  insertion  loss  of  approximately  10  db  at  fre¬ 
quencies  of  4.5  and  6.4  GHz. 

D.  REFLECTION 

Experiments  were  carried  out  on  the  same  microstrip  as 
described  in  order  to  establish  the  reflection  at  the  Input 
Port.  Figures  2-10  and  2-11  are  the  photographs  from  1.98  to 
4,  4  GHz  to  8  GHz  frequency  band.  On  the  average,  the  return 
loss  is  approximately  17  db  from  2  to  4  GHz  and  14  db  from  4 
to  8  GHz.  Figure  2-9  and  2-11  show  clearly  that  an  impedance 
mismatch  is  present  at  the  input  and  output  connectors  and 
that  when  the  reflections  cancel,  transmission  loss  decreases 
to  -2  db,  indicating  low  attenuation  due  to  magnetic  loss. 

E.  DISPERSION  AND  ATTENUATION  WITH  A  BIASING  FIELD 
1.  Transverse  Magnetic  Field  of  1730  Oersteds 

a.  Dispersion  Diagram 
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Figure  2-7. 
Vertical  axis; 
Attenuation  Scale 
10  db/DIV. 

Zero  db  Reference 


Microstrip  insertion  loss  in  the  absence  of  external  magnetic 
field,  1"  substrate  (GlOOl) .  Horizontal  axis:  frequency  sweep 
from  1.981  to  4.09  GHz. 
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Figure  2-8. 

Vertical  axis : 
Attenuation  10  db/DIV. 
^Zero  db  Reference. 


Microstrip  insertion  loss  in  the  absence  of  external  magnetic 
field,  1"  substrate  (GlOOl).  Horizontal  axis:  frequency  sweep 
from  4  to  8  GHz. 
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Figure  2-9. 
Vertical  axis: 
Return  Loss  Scale 
10  db/DIV. 

Zero  db  Reference. 


Microstrip  Return  loss  vs.  frequency  in  the  absence  of  external 
biasing  magnetic  field,  1"  substrate  (GlOOl) .  Horizontal  axis: 
frequency  sweep  from  1.98  to  4.09  GHz. 


Figure  2-10. 
Vertical  axis: 
Return  Loss  Scale 
10  db/DIV. 

Zero  db  Reference. 


Microstrip  return  loss  vs.  frequency  in  the  absence  of  external 
biasing  magnetic  field,  1"  substrate  (GlOOl).  Horizontal  axis: 
frequency  sweep  from  3.998  to  8.031  GHz. 
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Experiments  were  conducted  using  GlOOl,  1"  sub¬ 
strate  with  dimensions  of  W  =  .508  mm,  D  =  .635  mm,  to  obtain 
the  dispersion  diagram  of  the  microstrip.  The  co-B  diagram  of 
a  transversely  magnetized  GlOOl  garnet  material  was  obtained 
using  a  microstrip  with  an  external  magnetization  field  of 
1730  oersted  in  the  y  direction  (See  Fig.  1-1) .  The  micro¬ 
strip  was  designed  to  give  a  nominal  50J^  characteristic  im¬ 
pedance  taking  into  account  the  Wheeler  permittivity  [Ref.  6] . 

It  was  coupled  to  50J2  input  and  output  lines  to  the 
network  analyzer.  The  phase  shift  as  a  function  of  frequency 
was  photographed  on  the  phase- frequency  display  of  the  network 
analyzer.  The  external  biasing  magnetic  field  was  kept  con¬ 
stant  at  1730  oersted  while  the  frequency  was  swept  from  1.0 
to  2.0,  2.0  to  4.0  and  4.0  to  8.0  GHz.  Figures  2-11  and  2-12 
indicate  the  phase- frequency  display  for  both  directions  of 
propagation.  The  resonance  frequency  occurred  at  approximate¬ 
ly  2.8  GHz.  The  results  from  pictures  2-11  and  2-12  are 
plotted  in  Fig.  2-13  for  both  directions  of  propagation.  It 
is  evident  from  Fig.  2-13  that  any  difference  in  phase  shift 
for  the  two  directions  of  propagation  is  indistinguishable 
from  experimental  error.  The  data  is  tabulated  in  Tables  5 
and  6 . 

From  Fig.  2-13  it  is  evident  that  there  are  two 
regions  of  propagation,  a  lower  branch  extending  to  zero  and 
an  upper  branch.  These  are  separated  by  a  cutoff  region  where 
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Figure  2-12. 

Z  Direction  of 
Propagation. 


Microstrip  Phase  Shift  vs.  frequency.  External  tranverse 
biasing  magnetic  field  =  1730  oersteds.  1"  substrate  (GlOOl) . 
Horizontal  axis;  frequency  sweep  from  2  to  4  GHz.  Vertical 
axis:  45  Deg./DIV. 
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frequency  in  ghz 


ATTENUATION  IN  DB/lNCH 


0  300  600  900  1200  1500 

;?-PHASE  shift  IN  DEG/INCH 


Figure  2-13.  Propagation  Constant  of  Transverse  Magnetized 
Microstrip  Transinission_Line  for  both  Direc¬ 
tions  of  Propagation,  Z  ,  Z"*" 
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The  stop  band  is  centered  around  the  resonance  frequency  where 
there  is  no  propagation.  The  stop  band  here  is  approximately 
from  2.80  to  3.15  GHz,  a  bandwidth  of  0.35  GHz.  As  the  reson¬ 
ance  frequency  is  approached,  the  slope  of  the  oj-B  diagram  de¬ 
creases  and  beyond  the  cutoff  region  it  starts  increasing 
again.  The  cutoff  region  can  be  tuned  in  frequency  by  changing 
the  applied  biasing  magnetic  field  H  throughout  the  frequency 
band. 

b.  Attenuation 

The  insertion  loss  of  a  1"  length  of  50n  (nominal) 
characteristic  impedance  microstrip  on  GlOOl  material  is  shown 
in  Fig.  2-14  for  a  1730  oersted  of  biasing  field  applied  trans¬ 
verse  to  the  direction  of  propagation.  The  line  width  was 
W  =  .508  mm  and  substrate  height  was  D  =  .635  mm.  The 
attenuation  photograph  indicates  that  the  maximvim  insertion 
loss  occurs  at  the  notch  which  is  at  the  resonance  frequency 
where  more  than  120  db  of  attenuation  occurred. 

Above  and  below  the  resonance,  the  loss  decreases 
and  approaches  about  the  same  value  of  insertion  loss  as  in 
the  absence  of  an  applied  magnetic  field.  The  notch  depth  is 
a  function  of  applied  magnetic  field.  Throughout  the  2  to  4 
GHz  frequency  range,  the  depth  of  the  notch  varied  approxi¬ 
mately  from  60  db  to  120  db.  Also  of  interest  is  the  fact 
that  the  losses  in  both  directions  of  propagation  were  the 
same  which  indicates  the  microstrip  is  reciprocal  in  this  mode 
of  propagation,  although  the  field  configurations  for  the  two 
directions  are  probably  different.  This  behavior  is  a  result 


35 


Figure  2-14.  Microstrip  attenuation  vs.  frequency.  External 

transverse  biasing  magnetic  field  =  1730  oersteds, 
1"  substrate  (GlOOl) .  Horizontal  axis:  frequency 
sweep  from  2  to  4  GHz.  Vertical  axis:  10  db/DIV. 

z"^  Direction  of  Propagation. 
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of  the  absence  of  a  significant  longitudinal  magnetic  field 
component  for  this  line  geometry  in  this  frequency  range. 

Figure  2-15  indicates  the  return  loss  which  is  al¬ 
most  constant  through  the  frequency  band  of  2  to  4  GHz  and  is 
about  -18  db  indicating  a  reasonably  good  impedance  match  to 
the  50S^  coaxial  lines. 

2 .  Transverse  Magnetic  Field  of  2670  Oersteds 

a.  Dispersion  Diagram 

Experiments  were  conducted  using  the  same  micro¬ 
strip  with  an  applied  magnetization  field  of  2670  oersted  to 
determine  the  co-S  diagram  of  the  microstrip.  The  field  was 
applied  in  the  transverse  direction  (y  direction,  see  Figure 
1-1) .  Figures  2-16  and  2-17  indicate  the  phase  shift  as  a 
function  of  frequency  from  3.998  to  8.031  GHz  for  both  direc¬ 
tions  of  propagation.  Figure  2-18  was  constructed  using  the 
data  from  Fig.  2-16.  The  resonance  frequency  is  approximately 
5.192  GHz. 

The  stop  band  is  approximately  from  5.1  to  5.7  GHz , 
a  bandwidth  of  0.6  GHz. 

From  Figures  2-16  and  2-17,  it  is  evident  that  the 
phase  shift  is  the  same  in  both  directions  of  propagation  and 
the  microstrip  is  acting  as  a  reciprocal  tunable  band  rejection 
filter.  The  data  are  tabulated  in  Table  6,  Appendix  A. 

b.  Attenuation 

Experiments  were  conducted  using  the  same  micro¬ 
strip  with  an  applied  magnetization  field  of  2670  oersted  to 
determine  the  insertion  loss.  Figures  2-19  and  2-20  indicate 
the  attenuation  in  both  directions  of  propagation  as  a 
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Figure  2-15.  Microstrip  return  loss  vs.  frequency.  External 

transverse  biasing  magnetic  field  =  1730  oersteds, 
1"  substrate  (GlOOl) .  Horizontal  axis;  frequency 
sweep  from  2  to  4  GHz.  Vertical  axis:  lOdb/DIV. 

Z  Direction  of  Propagation. 
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Figure  2-17 

Z  Direction  of 
Propagation 


Microstrip  phase  shift  vs.  frequency.  External  transverse 
biasing  magnetic  field  =  2670  oersteds,  1"  substrate  (GlOOl) . 
Horizontal  axis;  frequency  sweep  from  3.998  to  8.031  GHz. 
Vertical  axis;  45  deg/DIV. 
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ATTENUATION  IN  DB/INCH 


Figure  2-18.  Propagation  Constant  of  Transverse 
Magnetized  Microstrip  Transmission 
Line 
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Figure  2-20 

Z  Direction  of 
Propagation 


Microstrip  attenuation  vs.  frequency.  External  transverse 
biasing  magnetic  field  =  2670  oersteds,  1"  substrate  (GlOOl) . 
Horizontal  axis:  frequency  sweep  from  3.998  to  8.031  GHz. 
Vertical  axis:  10  db/DIV. 
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function  of  frequency  from  3.99  to  8.031  GHz.  From  the  figures 
it  is  evident  that  attenuation  is  maximvim  at  the  notch  which  is 
more  than  120  db  and  occurs  at  the  resonance  frequency  of 
approximately  5.192  GHz. 

The  overall  loss  across  the  stop  band  from  5.1  to 
5.7  GHz  is  approximately  46  db. 

Figure  2-21  indicates  the  return  loss  as  a  func¬ 
tion  of  frequency  from  3.998  to  8.031  GHz. 

The  value  of  return  loss  averages  approximately 
-17  db  through  the  band.  Some  deterioration  of  the  impedance 
notch  may  be  may  be  noted  toward  the  upper  end  of  the  band, 
however. 

3 .  Transverse  Magnetic  Field  of  3100  Oersteds 

•a.  Dispersion  Diagram 

In  this  experiment  the  magnetization  was  H^  = 
3100.0  oersted  applied  in  the  transverse  direction  (y  direc¬ 
tion,  see  Fig.  1-1)  and  the  substrate  was  the  same  as  before. 
The  measured  resonance  frequency  was  f^  =  6.364  GHz.  Figures 
2-22  and  2-23  indicate  the  phase  as  a  function  of  frequency 
from  4  to  8  GHz  for  both  directions  of  propagation.  The 
dispersion  diagram.  Figure  2-24,  is  obtained  from  Fig.  2-23. 

The  data  is  tabulated  in  Table  7  of  Appendix  A.  It  is 
evident  from  Figure  2-24  that  the  stop  band  is  from  6.3  to  7.1 
GHz,  a  bandwidth  of  0.8  GHz. 

D.  H.  Harris,  F.  J.  Rosenbaum,  and  C.  G.  Aumiller 
[Ref.  7]  have  developed  a  formula  for  propagation  constant 
for  infinite  ferrite  filled  parallel  plane  waveguide.  For 
the  ferrite  magnetized  in  the  y-direction  (Fig.  1-1) ,  the 
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Figure  2-21.  Microstrip  return  loss  vs.  frequency.  External 

transverse  biasing  magnetic  field  =  2680  oersteds, 
1"  substrate  (GlOOl) .  Horizontal  axis:  frequency 
sweep  from  3.^98  to  8.031  GHz.  Vertical  axis: 

10  db/DIV.  Z  direction  of  propagation. 
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Figure  2-23 

Direction  of 
Propagation 


Microstrip  phase  shift  vs.  frequency.  External  transverse 
biasing  magnetic  field  =  3100  oersteds,  1"  substrate  (GlOOl) . 
Horizontal  axis:  frequency  sweep  from  4  to  8  GHz.  Vertical 
axis:  45  deg/DIV. 


4  4 


ATTENUATION  IN  DB/INCH 


Figure  2-24A.  Propagation  Constant  of  Transverse 

Magnetized  Microstrip  Transmission 
Line . 
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Polder  tensor  takes  the  forms  where 


» 


(1) 


Assuming  that  the  fields  in  the  lowest  order  mode  are  inde¬ 
pendent  of  X  and  y,  Maxwell's  equations  yield  solutions 
with  the  propagation  constant  given  by 

1 

S  =  +  K  (2) 

The  propagation  constant  in  Equation  (2)  for  loss¬ 
less  infinite  ferrite  filled  parallel  plane  waveguide  is  the 
same  for  longitudinal  magnetization  and  for  transverse  magneti¬ 
zation  normal  to  the  planes  [Refs.  7  and  8].  Equation  (2)  was 
assumed  to  be  a  good  approximation  for  a  microstrip  ring 
resonator  and  was  compared  with  experimental  results  [Ref.  8] . 
Figure  2-24B  exhibits  the  plot  of  Equation  (2)  for  H  =  3100 

d. 

oersteds  for  GlOOl  microstrip.  The  results  are  tabulated  in 
Table  8  of  Appendix  A.  Also  plotted  in  the  same  figure  is 
the  experimental  result  for  transverse  magnetization  normal  to 
the  substrate  of  GlOOl  microstrip  transmission  line. 

It  is  evident  that  the  experimental  result  and 
the  plot  of  Equation  (2)  are  not  in  agreement.  The  theoretical 
result  indicates  a  much  wider  stop  band  than  the  experimental 
one. 

Another  point  of  interest  is  that  the  experimental 
result  as  in  Fig.  2-36  indicates  that  the  w-3  diagram  is 
different  for  transverse  and  longitudinal  magnetization  whereas 
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Figure  2-24B.  Propagation  Constant  of  Transverse  Magnetized 

Microstrip  Transmission  Line. 
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Figure  2-26 

z"*"  Direction  of 
Propagation 


Microstrip  attenuation  vs  frequency.  External  transverse  biasing 
magnetic  field  =  3100  oersteds,  1"  substrate  (GlOOl) .  Horizontal 
axis:  frequency  sweep  from  4  to  8  GHz.  Vertical  axis:  10  db/DIV. 

4  8 


Microstrip  return  loss  vs.  frequency.  External 
transverse  biasing  magnetic  field  =  3100  oersteds, 
1"  substrate  (GlOOl) .  Horizontal  axis;  frequency 
sweep  from  4  to  8  GHz.  Vertical  axis;  10  db/DIV. 

z"*”  Direction  of  Propagation. 
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Figure  2-27. 


Refs.  7  and  8  indicate  that  Equation  (2)  approximately  holds 
for  both  transverse  and  longitudinal  magnetization  and  they 
are  equal.  The  above-mentioned  fact  could  not  be  verified  in 
this  work.  Equation  (2)  only  roughly  indicates  the  shape  of 
w-B  diagrams  for  transverse  magnetization  normal  to  substrate, 
b.  Attenuation 

Figures  2-25  and  2-26  indicate  the  loss  for  both 
directions  of  propagation  as  a  function  of  frequency  from  4  to 
8  GHz.  The  applied  magnetization  was  H  =  3100  oersted  and 

Si 

the  resonance  frequency  was  f^  =  6.364  GHz.  At  the  resonance 
frequency  a  very  sharp  notch  appeared  with  an  attenuation 
greater  than  120  db.  The  microstrip  in  general  behaves  as  a 
band  rejection  filter.  The  overall  loss  across  the  stop  band 
from  6.3  to  7.2  GHz  is  approximately  45  db. 

Figure  2-27  indicates  the  return  loss  from  4  to  8 
GHz.  The  return  loss  is  approximately  17  db  except  where  can¬ 
cellation  of  multiple  reflections  occurs  at  frequencies  of  4.1, 
5.05  and  7.7  GHz. 

4 .  Transverse  Magnetic  Field  of  2650  Oersteds 

a.  Dispersion  Diagram 

In  this  case  the  microstrip  designed  had  a  2”  x  2" 

dimension,  line  width  W  =  0.508  mm,  and  substrate  thickness 

D  =  0.635  mm,  chosen  to  give  a  nominal  50fi  characteristic 

impedance.  The  material  used  was  GlOOl  garnet  (47rM  =  1200  G, 

s 

=  15.2)  and  it  was  transversely  magnetized  (in  y  direction, 
see  Figure  1-2) .  The  microstrip  was  connected  to  50n  input  and 
output  lines  to  the  network  analyzer.  The  phase  shift  was 
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measured  as  a  function  of  frequency  for  a  fixed  applied  biasing 

field  H  directed  normal  to  the  substrate, 
a 

Figures  2-28  and  2-29  show  the  photographs  of  the 
phase  shift  as  a  function  of  frequency  from  4  to  8  GHz  for  an 
applied  magnetic  field  of  2650  oersted  for  both  directions  of 
propagation.  Figure  2-30  indicates  the  experimental  phase 
shift  as  a  function  of  frequency  for  the  fixed  applied  field 
of  2650  oersted.  The  results  are  tabulated  in  Tables  10  and 
11,  Appendix  A.  The  stop  band  is  roughly  from  5.3  GHz  to  6.4 
GHz,  or  approximately  a  bandwidth  equal  to  1.1  GHz.  From 
Figure  2-30  it  is  evident  that  the  phase  shift  is  again  the 
same  for  both  directions  of  propagation,  and  the  small  discrepan¬ 
cy  is  due  to  interpreting  the  results  from  photographs  of  Figs. 
2-28  and  2-29. 

The  stop  band  is  wider  in  this  case  in  comparison 
to  the  1"  X  1"  substrate  as  expected,  because  the  size  of  the 
substrate  is  2"  x  2"  which  is  twice  as  great  as  in  the  previous 
cases . 

b.  Attenuation 

The  attenuation  of  2"  x  2”  of  GlOOl  microstrip 
were  measured  as  a  function  of  frequency  from  4  to  8  GHz  for 
a  fixed  applied  magnetization  field  H  =  2650  oersted  applied 
normal  to  the  substrate  in  the  y-direction  (Fig.  1-1) .  Figures 
2-31  and  2-32  indicate  attenuation  for  both  directions  of 
propagation.  It  is  evident  that  the  microstrip  is  behaving  as 
a  band  rejection  filter,  with  the  center  frequency  of  its  stop 
band  being  a  function  of  applied  field  H  .  The  stop  band 

3. 
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Figure  2-29 

z"*”  Direction  of 
Propagation 


Microstrip  phase  shift  vs.  frequency,  2"  substrate.  External 
transverse  biasing  magnetic  field  =  2650  oersteds.  Horizontal 
axis:  frequency  from  4  to  8  GHz.  Vertical  axis:  90  deg/DIV. 
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Attenuation  in  db/2  inch 


Figure  2-30.  Propagation  Constant  and  Attenuation 

of  Transverse  ( Y-Direction)  Magnetized 
Microstrip  Transmission  Line. 
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Figure  2-32 

Z  Direction  of 
Propagation 


Microstrip  attenuation  vs  frequency,  2"  substrate, 
transverse  biasing  magnetic  field  =  2650  oersteds, 
axis;  frequency  from  4  to  8  GHz.  Vertical  axis; 
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External 
Horizontal 
10  db/DIV. 


is  roughly  from  5.3  to  6.4  GHz  which  gives  a  bandwidth  of 
approximately  1.1  GHz . 

The  attenuation  in  the  stop  band  is  approximately 
60  db.  There  are  several  notches  apparent  in  the  stop  band 
which  are  approximately  20  db  greater  than  the  average 
attenuation  in  the  stop  band.  Increasing  the  applied  magnetic 
field  will  cause  the  stop  band  to  move  to  a  higher  frequency, 
so  the  microstrip  is  acting  as  a  tunable  band  rejection  filter 
with  applied  magnetic  field  as  the  means  of  tuning. 

It  is  evident  also  from  Figs.  2-31  and  2-32  that 
the  attenuation  is  the  same  for  both  directions  of  propagation. 

5 .  Longitudinal  Magnetization  of  3100  Oersteds 

a.  Dispersion  Diagram 

Experiments  were  conducted  using  the  GlOOl  1"  x  1" 
substrate  with  dimensions  of  W  =  0.508  mm,  D  =  0.635  mm,  to 
obtain  the  dispersion  diagram  of  the  microstrip.  The  aj-6  dia¬ 
gram  of  a  longitudinally  magnetized  GlOOl  garnet  substrate 
material  was  measured  using  a  microstrip  with  an  external 
magnetization  field  of  H  =  3100  oersted  in  the  z-direction 
(See  Fig.  1-1) .  The  microstrip  was  designed  to  give  a  nominal 
5pfi  characteristic  impedance  taking  into  account  the  Wheeler 
permittivity  [Ref.  6]. 

It  was  coupled  to  a  500  input  and  output  line  to 
the  network  analyzer.  The  phase  shift  as  a  function  of  fre¬ 
quency  was  photographed  on  the  phase- frequency  display  of  the 
network  analyzer.  The  external  biasing  magnetic  field  was  kept 
constant  at  H  =  3100  oersted,  while  the  frequency  was  swept 

cL 
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from  2  to  12.4  GHz.  The  resonance  effect  occurred  between  8 
and  12.4  GHz. 

Pictures  2-33  and  2-34  show  the  co-8  display  for 
both  directions  of  propagation. 

The  resonance  frequency  occurred  at  approximately 
9.87  GHz.  The  results  from  Figs.  2-33  and  2-34  are  plotted 
in  Fig.  2-35  for  only  one  direction  of  propagation.  It  is 
evident  from  Figs.  2-33  and  2-34  that  the  phase  shift  is  the 
same  for  both  directions  of  propagation.  The  data  is  tabulated 
in  Table  9  of  Appendix  A. 

From  2-35  it  is  evident  that  there  are  two  regions 
of  propagation,  a  slow  wave  (low  frequency)  branch  and  a  fast 
wave  (high  frequency)  branch.  These  are  separated  by  a  cutoff 
region.  The  stop  band  here  is  approximately  from  9.63  to  12.16 
GHz  or  of  a  bandwidth  of  2.53  GHz. 

The  cutoff  region  can  be  tuned  in  frequency  by 
changing  the  applied  biasing  magnetic  field  H  . 

3. 

Figure  2-36  shows  the  w-B  diagram  for  transverse 
and  longitudinal  magnetization  (from  Fig.  2-35)  for  the  same 
parameters  and  conditions.  From  Fig.  2-36  it  is  evident  that 
the  cutoff  region  for  longitudinal  magnetization  is  much 
larger  than  for  transverse  magnetization;  for  longitudinal 
magnetization  it  is  2.53  GHz  bandwidth,  whereas  for  transverse 
magnetization  it  is  0.8  GHz  bandwidth,  or  approximately  one- 
third  of  that  for  longitudinal  magnetization. 

It  is  evident  from  Fig.  2-36  that  for  the  same 
conditions  and  parameters  and  magnetic  biasing  field  of  3100.0 
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Figure  2-34 

Z  Direction  of 
Propagation 


Microstrip  phase  shift  vs.  frequency, 
longitudinal  biasing  magnetic  field: 
axis:  frequency  sweep  from  8  to  12.4 

45  deg/DIV. 


1"  substrate. 
3100  oersteds. 
GHz.  Vertical 


External 
Horizontal 
axis : 
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Figure  2-35.  Propagation  Constant  of  Longitudinal 
Magnetized  Microstrip  Transmission 
Line . 
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G1001 

£r  ==15»2 
4/TMs  =1200  G 
Ha  =  310  O  Oe 


Phase  shift  in  deg/jnch 

Figure  2-36.  Propagation  Constant  of  Longitudinal 
and  Transverse  Magnetized  Microstrip 
Transmission  Line. 
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oersted,  the  stop  band  and  resonant  frequency  in  the  case  of 
longitudinal  biasing  magnetic  field  has  shifted  in  frequency, 
b.  Attenuation 

Figures  2-37  and  2-38  indicate  the  loss  for  both 
directions  of  propagation  as  a  function  of  frequency  from  8 
to  12.4  GHz.  The  applied  biasing  magnetic  field  was  H  = 

3. 

3100  oersted  applied  in  the  longitudinal  direction  and  the 
resonance  frequency  was  approximately  f^  =  9.87  GHz. 

At  the  resonance  frequency  a  very  sharp  notch  ap¬ 
pears  with  an  attenuation  of  approximately  60  db.  The  amount 
of  attenuation  varies  through  the  stop  band  from  60  db  to  30 
db  as  can  be  seen  from  Figs.  2-37  and  2-38.  Comparing  Figs. 
2-25  and  2-26  (transverse  magnetization)  with  Figs.  2-37  and 
2-38,  it  is  clear  that  the  attenuation  in  the  case  of  trans¬ 
verse  magnetization  is  much  higher  than  for  longitudinal 
magnetization. 
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Figure  2-38 

Z  Direction  of 
Propagation 


Microstrip  attenuation  vs.  frequency,  1"  substrate.  External 
longitudinal  biasing  magnetic  field  =  3100  oersteds.  Horizontal 
axis;  8  to  12.4  GHz.  Vertical  axis:  10  db/DIV. 
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III.  COMPUTER  RESULTS  FOR  MICROSTRIP 


A  hybrid  mode  analysis  of  microstrip  by  the  method  of 
moments  applied  in  the  spectral  or  (Fourier)  transform  domain 
has  been  developed  by  A.  M.  Tufekcioglu  [Ref.  1] .  For  ferrite 
substrate,  the  method  developed  by  Tufekcioglu  calculates  the 
propagation  constant  and  attenuation  based  on  perturbation 
theory,  assuming  a  transversely  magnetized  substrate.  Numeri¬ 
cal  evaluation  of  the  resulting  expressions  has  been  carried 
out  in  the  spectral  domain  and  a  computer  program  has  been 
developed  for  this  analysis.  Using  the  above-mentioned  comput¬ 
er  analysis,  the  following  results  were  obtained. 

A.  DISPERSION  AND  ATTENUATION  DIAGRAMS  (TRANSVERSE  MAGNETIZA¬ 
TION) 

1.  Dispersion  Diagram 

A  computer  analysis  for  microstrip  transmission  lines 
on  GlOOl  garnet  material  with  different  applied  biasing  magne¬ 
tic  fields  and  resonance  frequencies  with  the  following  speci¬ 
fications  were  obtained: 

GlOOl,  1"  X  1"  dimension 

W  =  0.508  mm  D  =  0.635  mm. 

4itM  =  1200.0  Gauss  e  =15.2 

s  r 

Figures  3-1,  3-4  and  3-6  indicate  the  oj-B  diagrams 
for  both  directions  of  propagation  for  resonance  frequencies 
of  2.8  5.192,  and  6.364  GHz  and  applied  magnetic  fields  of 
1730,  2670  and  3100.0  oersteds.  The  results  are  tabulated 
in  Tables  12,  13  and  14  of  Appendix  A. 
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From  all  these  computer  generated  dispersion  (w-6) 
diagrams  it  is  evident  that  there  are  two  propagation  branches , 
a  low  frequency  (slow  wave)  branch  below  the  resonance  fre¬ 
quency,  and  a  high  frequency  (fast  wave)  branch  above  the  re¬ 
sonance  frequency. 

As  frequency  is  increased  from  zero,  the  phase  shift 
decreases,  reaches  a  minimum  value,  and  then  at  resonance 
frequency  it  switches  sharply  to  a  maximum  value  of  phase 
shift  and  beyond  resonance  decreases  as  frequency  increases. 

The  phase  ve.  frequency  diagrams  for  opposite  direc¬ 
tions  of  propagation  are  of  the  same  shape  except  that  maxi¬ 
mum  and  minimum  values  of  phase  shifts  are  approximately  halved. 
The  computer  generated  dispersion  (oj-S)  diagrams  exhibit  no 
cutoff  region  as  it  was  evidenced  from  experiments.  Also 
evident  from  Figs.  3-1,  3-4  and  3-6  is  that  as  the  resonance 
frequency  increases  the  maximum  and  minimum  values  of  phase 
shift  increase  as  well. 

2.  Attenuation  Diagrams 

The  computer  analysis  of  attenuation  of  1"  microstrip 
transmission  line  on  GlOOl  material  with  the  same  condition 
and  specification  as . in  III.A.l  with  different  applied  biasing 
magnetic  fields  and  resonance  frequencies  were  obtained.  Fig¬ 
ures  3-2,  3-5  and  3-8  indicate  the  attenuation  diagrams  for 
both  directions  of  propagation  for  resonance  frequencies  of 
2.8,  5.192,  and  6.64  GHz  and  applied  magnetic  fields  of  1730, 
2670  and  3100.0  oersteds. 

The  results  are  tabulated  in  Tables  12,  13  and  14  of 
Appendix  A. 
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Computer  analysis  attenuation  diagrams  exhibit  a  sharp 
attenuation  at  resonance  frequency  and  fall  off  rapidly  to  a 
zero  value  above  and  below  resonance  frequency.  Computer 
analysis  also  indicates  a  stop  band  as  it  was  evidenced  from 
experiment  results.  Also  plotted  is  characteristic  impedance 
in  Fig.  3-3  for  microstrip  assximing  the  dielectric  substrate. 
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PHASE  SHIFT  IN  DEB/INCH 


X-SCfiLf:-=2.00E:+00  UhlTS  INCH. 

'^-SCfiLf;-^2.00C+02  UNITS  INCH. 

Figure  3-1.  Propagation  Constant  of  Transverse  Magnetized 
Microstrip  Transmission  Line. 
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ATTENUATION  IN  DB/INCK 


)<-SCRLE=2.l10E+00  units  inch. 
T-SCRLF.-i.00E+02  UNITS  INCH. 


Figure  3-2.  Attenuation  vs.  Frequency  of 

Transversely  Magnetized  Microstrip 
Transmission  Line. 
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Characteristic  Impedance 


FREQUENCY  IN  GHz 


;K-SCfiLE-2.0OE+OO  UNITS  INCH.- 

V-SCfiLE-5.00E-02  UNITS  INCH* 

ROD  +4o62E+0i  UNITS  T0  RLL  V  URLUES* 

Figure  3-3.  Characteristic  Impedance  of  Microstrip 

Transmission  Line  on  Dielectric  Substrate. 
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PHASE  SHIFT  IN  DEG/INCH 


K-SCfiLf:-2.00E+00  UNITS  INCH. 
y-SCRLE-5.00E+02  UNITS  INCH. 


Figure  3-4.  Propagation  Constant  of  Transverse 
Magnetized  Microstrip  Transmission 
Line . 
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ATTENUATION  IN  DB/INCH 


X-SCRLE-2.00E+00  UNITS  INCH. 

V-SCRLt:-=S.00£+02  UNITS  INCH. 

Figure  3-5.  Attenuation  vs.  Frequency  of  Transversely 
Magnetized  Microstrip  Transmission  Line. 
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PHASE  SHIFT  IN  DEG/INCH 


X-SCflLf:--2.00E+00  UNITS  INCH. 
'--SCflLE-i.OOC+03  UNITS  INCH. 

Figure  3’--6.  Propagation  Constant  of  Transverse 
Magnetized  Microstrip  Transmission 
Line . 
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ATTENUATION  IN  DB/INCH 


i<-SCnLE---2.00E+00  UNITS  INCH. 

V'-SCRLE----S.00E+02  UNITS  INCH. 

Figure  3-7.  Attenuation  vs.  Frequency  of  Transverse¬ 
ly  Magnetized  Microstrip  Transmission 
Line. 
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IV.  COMPARISON  BETWEEN  EXPERIMENTAL  AND  COMPUTER  ANALYSIS 
FOR  MICROSTRIP  TRANSMISSION  LINE 


Comparison  between  the  experimental  and  computer  analysis 
results  of  a  transversely  magnetized  microstrip  transmission 
line  indicate  certain  differences  between  them  as  follows. 

A.  STOP  BAND 

Experimental  w-B  diagrams  of  Figs.  2-13,  2-18  and  2-24 
exhibit  stop  bands  of  0.35,  0.6  and  0.8  GHz.  The  shape  of 
oj-B  diagrams  of  experimental  and  computer  analysis  are  not  in 
agreement  as  well. 

B.  EXPERIMENTAL  u-B  DIAGRAM 

Experimental  co-B  diagram  of  Figs.  2-13,  2-18  and  2-24  indi¬ 
cate  that  as  frequency  increases  below  resonance,  the  phase 
shift  increases  as  well,  whereas  computer  results  of  Figs.  3-1, 
3-4  and  3-6  indicate  that  the  phase  shift  decreases  with  in¬ 
creasing  frequency  till  the  resonance  frequency  is  reached. 

Also  beyond  resonance  frequency  the  experimental  curve  in¬ 
creases  again  as  a  function  of  frequency,  whereas  computer 
results  indicate  the  phase  shift  having  reached  a  peak,  de¬ 
creases  as  a  function  of  frequency.  The  fact  that  the  comput¬ 
er  analysis  exhibits  the  change  of  sign  of  phase  shift  above 
and  below  resonance  frequency  indicates  the  propagation  changes 
direction.  This  is  not  in  agreement  with  experimental  results. 

C.  GRADIENTS  OF  w-B  DIAGRAMS 

The  gradients  of  w-B  diagrams  of  experimental  and  computer 
analysis  differ  at  each  frequency. 
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D.  PHASE  SHIFT 


The  values  of  phase  shift  at  each  frequency  is  radically 
different  (far  greater)  for  computer  analysis  in  comparison 
to  the  experimental  results. 

E.  ATTENUATION 

Experimental  attenuation  pictures  of  Figs.  2-14,  2-20  and 
2-25  exhibit  a  stop  band  and  within  the  stop  band  a  sharp 
notch  which  its  frequency  were  taken  as  resonance  frequency. 

The  computer  analysis  of  attenuation  figures  3-2,  3-5  and  3-7 
(does  not  indicate  any  stop  band)  exhibits  a  very  sharp  indica¬ 
tion  of  attenuation.  The  notch  is  centered  at  the  resonance 
frequency . 

Also  attenuation  for  both  directions  of  propagation  dif¬ 
fers  approximately  by  a  factor  of  two,  which  is  contrary  to 
the  experimental  results  of  attenuation.  This  could  be  due  to 
dynamic  range  and  sensitivity  limitations  of  the  analysis. 

The  computer  analysis  indicating  the  sharp  notch  of 
attenuation  at  resonance  frequency  is  in  agreement  with  the 
notch  exhibited  in  the  stop  band  of  experimental  results,  al¬ 
though  the  values  of  attenuation  for  the  former  is  much  higher 
than  the  one  obtained  in  the  experiment. 

F.  NON-RECIPROCALITY 

The  computer  analysis  indicated  that  the  microstrip  trans¬ 
mission  line  is  behaving  as  a  non- reciprocal  band  rejection 
filter,  a  hypothesis  which  was  hard  to  establish  from  experi¬ 
mental  results  obtained. 
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The  reason  for  contradiction  between  theory  and  practice 
stated  above  could  be  attributed  to  the  following. 

1.  The  computer  analysis  is  based  on  perturbation  theory, 
and  perturbation  theory  is  only  valid  if  the  changes  predicted 
are  very  small  [Ref.  5] . 

2.  Reference  7  indicates  that  the  characteristic  imped¬ 
ance  of  a  microstrip  transmission  line  have  generally  a  shape 
similar  to  the  experimental  co-g  diagram;  it  has  high  and  low 
frequency  branches,  separated  by  a  cutoff  region. 

Characteristic  impedance  used  in  computer  analysis  [Ref. 

1]  was  for  a  dielectric  substrate  and  its  values  changed  very 
little  with  frequency  as  indicated  in  Pig.  3-3.  So,  this  could 
have  led  also  to  a  very  different  result  from  the  actual  one. 
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V.  COPLANAR  WAVEGUIDE  ON  FERRITE  SUBSTRATE 


A.  DISPERSION  DIAGRAM  (ZERO  APPLIED  MAGNETIZATION  FIELD) 

Experiments  using  coplanar  waveguide  on  ferrite  substrate 
were  conducted  in  order  to  obtain  the  phase  shift  as  a  func¬ 
tion  of  frequency  in  the  case  of  zero-applied  magnetization 
field. 

The  ferrite  was  GlOOl  and  the  coplanar  waveguide  had  the 
following  specifications: 

Overall  dimensions;  2"  x  2" 

Thickness  of  dielectric:  .635  mm 
W/D  =  1.260,  S/D  =  3.15 
Permittivity  =  15.2 

The  coplanar  waveguide  was  designed  to  give  a  nominal  50n 
characteristic  impedance  for  dielectric  substrate.  The  co¬ 
planar  [Ref.  2]  computer  program  was  run  in  order  to  obtain 
the  ratio  of  S/D,  W/D  for  a  nominal  characteristic  impedance 
of  50n. 

The  coplanar  waveguide  was  coupled  by  50f)  input  and  out¬ 
put  lines  to  the  network  analyzer. 

Figures  4-1  and  4-2  show  the  photographs  of  the  phase- 
frequency  display  on  the  network  analyzer  when  the  substrate 
is  unbiased.  The  data  obtained  from  these  photographs  are 
tabulated  in  Table  15  of  Appendix  A.  The  above-mentioned 
data  are  plotted  in  Fig.  4-3.  Also  shown  is  the  result  of 
the  computer  analysis  for  dielectric  substrate  [Ref.  2]. 
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Figure  4-1. 
Vertical  Axis; 
Phase  Shift 
Scale  45  deg/DIV 


Coplanar  phase  shift  vs.  frequency  in  the  absence  of  external 
magnetic  field,  2"  substrate.  Horizontal  axis:  frequency  sweep 
from  4  to  8  GHz . 


Figure  4-2. 
Vertical  Axis: 
Phase  Shift 
Scale  45  deg/DIV 


Coplanar  phase  shift  vs.  frequency  in  the  absence  of  external 
magnetic  field,  2”  substrate.  Horizontal  axis:  frequency  sweep 
from  8  to  12.4  GHz. 


PHASE  SHIFT  DEG/INCH 


Figure  4-3.  Coplanar  waveguide  u-S  diagram  in  the 
absence  of  external  magnetic  field. 
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From  Figure  4-3  it- is  evident  that  the  experimental  co-6 
diagram  has  a  higher  slope  than  the  result  obtained  from  the 
computer  analysis  [Ref.  2] ,  which  could  be  due  to  magnetic 
properties  of  the  substrate. 

B.  DISPERSION  AND  ATTENUATION 

1.  Transverse  Magnetic  Field 
a.  Dispersion  Diagram 

Experiments  were  conducted  using  GlOOl,  2"  sub¬ 
strate  with  dimensions  D  =  0.635  mm,  W/D  =  1.260,  S/D  = 

3.15,  to  obtain  the  dispersion  diagram  of  the  coplanar  wave¬ 
guide.  The  00-6  diagram  of  a  transversely  magnetized  GlOOl 
garnet  material  was  obtained  using  a  coplanar  waveguide  with 
external  magnetization  fields  of  2950.0  and  3215  oersteds  in 
X  direction  (See  Fig.  1-2) .  The  coplanar  waveguide  was  de¬ 
signed  to  give  approximately  a  nominal  50fi  characteristic 
impedance . 

It  was  coupled  by  500,  input  and  output  lines  to 
the  network  analyzer. 

The  external  biasing  magnetic  fields  were  kept  con¬ 
stant  at  2950.0  and  3215.0  oersteds  while  the  frequency  was 
swept  from  4  to  8 ,  and  8  to  12.4  GHz,  respectively.  Figures 
4-4  and  4-5  indicate  the  phase  vs.  frequency  display  for  2950.0 
oersteds  external  magnetic  field  for  both  directions  of  propa¬ 
gation.  The  results  from  Figs.  4-4  and  4-5  are  plotted  in 
Fig.  4-6  for  both  directions  of  propagation.  The  data  is 
tabulated  in  Table  16  of  Appendix  A.  Pictures  4-12  and  4-13 
indicate  the  phase  vs.  frequency  display  for  3215.0  oersteds 
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Figure  4-5. 

Z  Direction  of 
Propagation . 


Coplanar  phase  shift  vs.  frequency,  2"  substrate.  External 
transverse  biasing  magnetic  field  =  2950  oersteds.  Horizontal 
axis:  frequency  sweep  from  8  to  12.4  GHz.  Vertical  axis:  45 

deg/DIV. 
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GlOOl 


Direction  of 
Propagation 


£r  15*2  _ ■  z  Direction  of 


Figure  4-6.  Coplanar  Phase  Shift  vs.  Frequency  for 
Transverse  Magnetization  (X-Direction) . 
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external  magnetic  field  for  both  directions  of  propagation. 

The  results  from  pictures  4-12  and  4-13  are  plotted  in  Fig. 

4-14  for  both  directions  of  propagation.  The  data  are  tabu¬ 
lated  in  Table  17  of  Appendix  A.  From  Figs.  4-6  and  4-14  it 
is  evident  that  there  are  two  regions  of  propagation,  a  lower 
branch  extending  to  zero  and  an  upper  branch.  These  are 
separated  by  a  cutoff  region  where  negative.  The 

stop  band  is  the  region  where  there  is  no  propagation. 

From  Figs.  4-4,  4-5,  4-6,  4-12,  4-13,  and  4-14, 
it  is  evident  that  the  coplanar  waveguide  is  nonreciprocal, 
namely  the  stop  band  is  different  for  both  directions  of 
propagation.  For  one  direction  of  propagation  in  the  case  of 
H  =  2940.0  oersteds,  the  stop  band  is  from  approximately  9.42 

3. 

•to  10.2  GHz,  or  0.78  GHz;  whereas  for  the  opposite  direction 
of  propagation,  the  stop  band  is  from  9.54  to  10.74  GHz,  or 

1.2  GHz  bandwidth. 

For  the  case  of  H^  =  3215.0  oersteds,  the  stop 
band  for  one  direction  of  propagation  is  approximately  from 

10.2  to  11.08  GHz,  or  0.88  GHz  bandwidth,  and  for  opposite 
direction  of  propagation,  it  is  approximately  from  9.98  to 
11.33  GHz,  or  1.35  GHz  bandwidth. 

The  bandwidth  for  one  direction  of  propagation 
designated  arbitrarily  as  Z  is  higher  than  the  stop  band 
for  the  other  direction  of  propagation  which  indicates  that  the 
coplanar  waveguide  as  a  band  rejection  filter  is  nonreciprocal. 

The  frequency  of  the  cutoff  region  throughout  the 
frequency  band  can  be  tuned  by  changing  the  applied  biasing 
magnetic  field  H  . 

3L 
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b.  Attenuation 


The  insertion  loss  of  a  2”  length  of  50  (nominal) 
characteristic  impedance  coplanar  waveguide  on  GlOOl  material 
is  shown  in  Figs.  4-7,  4-8,  4-15,  and  4-16  for  2950.0  and  3215.0 
oersteds  of  biasing  fields  applied  transverse  to  the  direc¬ 
tion  of  propagation  (x-direction.  See  Fig.  1-2) . 

The  dimensions  of  the  coplanar  waveguide  were 
D  =  0.635  mm,  W/D  =  1.260,  S/D  =  3.15,  and  the  experiments 
were  conducted  with  the  same  conditions  as  in  Part  B.l.a. 

The  attenuation  photograph  in  the  case  of  H  =  2950.0 

Si 

oersteds  indicates  that  the  maximum  insertion  loss  occurs  at 

the  notch  in  Fig.  4-7,  which  is  more  than  80  db;  whereas  Fig. 

4-8  indicates  a  constant  40  db  attenuation  throughout  the  stop 

band  from  approximately  9.4  to  10.74  GHz. 

In  Fig.  4-7  the  attenuation  varies  throughout  the 

stop  band,  and  it  is  approximately  30  db  from  9.4  to  10.7  GHz, 

while  the  notch  has  more  than  80  db  of  attenuation.  Figs. 

4-15  and  4-16  indicate  attenuation  in  the  case  of  H  =  3215.0 

a 

oersteds.  In  Fig.  4-15  the  attenuation  is  30  db  throughout 
the  stop  band  and  there  is  a  peak  of  -48  db  at  10  GHz.  In 
Fig.  4-16,  the  attenuation  is  from  -35  db  to  -40  db  throughout 
the  stop  band.  From  attenuation  photographs,  it  is  evident 
that  the  shape  and  the  amount  of  losses  are  different  for  both 
directions  of  propagation  giving  support  to  the  theory  that  the 
coplanar  waveguide  is  nonreciprocal  as  was  seen  in  the  case  of 
dispersion  diagrams.  Fig.  4-9  indicates  the  return  loss  from 
4  to  8  GHz  in  the  absence  of  any  biasing  magnetic  field.  The 
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Figure  4-7. 

Z  Direction  of 
Propagation 


Coplanar  attenuation  vs.  frequency,  2"  substrate  (GlOOl) . 
External  transverse  biasing  magnetic  field  =  2950  oersteds. 
Horizontal  axis;  frequency  sweep  from  8  to  12.4  GHz. 
Vertical  axis:  10  db/DIV. 


Figure  4-8. 

Z  Direction  of 
Propagation. 
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Zero  db 
Reference . 


Figure  4-9.  Coplanar  return  loss  vs.  frequency  in  the  absence 
of  external  biasing  magnetic  field,  2"  substrate 
(GlOOl) .  Horizontal  axis  =  frequency  sweep  from 
4  to  8  GHz.  Vertical  axis  =  10  db/DIV. 
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Figure  4-10.  Coplanar  return  loss  vs.  frequency.  External 

transverse  biasing  magnetic  field  =  2950  oersteds. 
2"  substrate  (GlOOl) .  Horizontal  axis  =  frequency 
sweep  from  4  to  8  GHz.  Vertical  axis  =  10  db/DIV. 
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Figure  4-11.  Coplanar  return  loss  vs .  frequency.  External 

transverse  (X  direction)  biasing  magnetic  field  = 
2950  oersteds,  2"  substrate  (GlOOl) .  Horizontal 
axis:  frequency  sweep  from  8  to  12.4  GHz. 

Vertical  axis:  10  db/DIV. 
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Figure  4-12. 

z"*"  Direction  of 
Propagation 


MMf- 


Figure  4-13. 

Z  Direction  of 
Propagation 


Coplanar  phase  shift  vs.  frequency,  2"  substrate  (GlOOl) . 
External  transverse  (x  direction)  biasing  magnetic  field  = 
3215  oersteds. 

Horizontal  axis:  frequency  sweep  from  8  to  12.4  GHz. 
Vertical  axis:  45  deg/DIV. 
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GlOOl  -  Direction 

of  Propagation 

e  =  15 . 2 
r 


Figure  4-14.  Coplanar  Phase  Shift  vs.  Frequency  for 
Transverse  Magnetization  (X-Direction) . 
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Figure  4-15. 

Direction  of 
Propagation 


Figure  4-16 

Z  Direction  of 
Propagation 


Coplanar  attenuation  vs.  frequency,  2"  substrate  (GlOOl). 
External  transverse  (x  direction)  biasing  magnetic  field  = 
3215  oersteds. 

Horizontal  axis;  frequency  sweep  from  8  to  12.4  GHz. 
Vertical  axis:  10  db/DIV. 
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Figure  4-17.  Coplanar  return  loss  vs  frequency.  External 

transverse  (x  direction)  biasing  magnetic  field 
=  3215  oersteds,  2"  substrate  (GlOOl) .  Horizontal 
axis:  frequency  sweep  from  8  to  12.4  GHz.  Vertical 
axis:  10  db/DIV. 
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return  loss  is  approximately  -30  db  throughout  the  band,  indi¬ 
cating  a  very  good  impedance  match. 

Figure  4-10  indicates  the  return  loss  from  4  to  8 
GHz  with  an  applied  biasing  magnetic  field  of  2940.0  oersteds. 
The  return  loss  is  somewhat  more  than  -30  db  throughout  most 
of  the  band. 

Figure  4-11  indicates  the  return  loss  from  8  to 
12.4  GHz  with  an  applied  transverse  biasing  magnetic  field  of 
2950  oersteds  and  it  is  approximately  -24  db  from  8  to  11.1 
GHz  and  -20  db  from  11.1  to  12.4  GHz  bandwidth. 

Figure  4-17  indicates  the  return  loss  from  8  to 
12.4  GHz  with  an  applied  biasing  magnetic  field  of  3215.0 
oersteds.  The  return  loss  on  average  is  -24  db  throughout  the 
band.  Thus,  the  impedance  match  is  not  as  good  as  from  4  to 
8  GHz  but  is  still  quite  acceptable. 

2 .  Transverse  Magnetic  Field 

Experiments  were  conducted  on  coplanar  waveguide  with 
the  same  conditions  as  in  b.  except  that  the  bias  field  was 
changed  to  be  in  the  y-direction  (See  Fig.  1-2).  Pictures 
4-18  and  4-19  indicate  the  phase  vs.  frequency  display  and 
pictures  4-20  and  4-21  show  the  attenuation  for  both  directions 
of  propagation  with  H  =  2940.0  oersteds. 

3. 

Figures  4-22  and  4-23  indicate  the  attenuation  and 
phase  displays  for  H  =  3215.0  oersteds  for  z"*”  direction. 
These  pictures  indicate  that  external  magnetization  in  the  x 
and  y-directions  does  not  produce  the  same  effect.  There  is 
a  certain  attenuation  bandwidth  more  than  -30  db  of 
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Figure  4-19. 

Z  Direction  of 
Propagation. 


Coplanar  phase  shift  vs.  frequency,  2"  substrate  (GlOOl) . 
External  transverse  (y  direction)  biasing  magnetic  field  = 
2950  oersteds. 

Horizontal  axis:  frequency  sweep  from  4  to  8  GHz. 

Vertical  axis:  45  deg/DIV. 
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Figure  4-21. 

Z  Direction  of 
Propagation 


Coplanar  attenuation  vs.  frequency,  2"  substrate  (GlOOl) . 
External  transverse  (y  direction)  biasing  magnetic  field  = 
2950  oersteds. 

Horizontal  axis:  frequency  sweep  from  4  to  8  GHz. 

Vertical  axis;  10  db/DIV. 
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Figure  4-22.  Coplanar  attenuation  vs.  frequency,  2"  substrate 
(GlOOl) .  External  transverse  (y  direction)  bias¬ 
ing  magnetic  field  =  3215  oersteds.  Horizontal 
axis:  frequency  sweep  from  4  to  8  GHz.  Vertical 

axis:  10  db/DIV. 
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Figure  4-23.  Coplanar  phase  shift  vs.  frequency,  2"  substrate 

(GlOOl) .  External  transverse  (y  direction)  biasing 
magnetic  field  =  3215  oersteds.  Horizontal  axis: 
frequency  sweep  from  4  to  8  GHz.  Vertical  axis: 

45  deg/DIV. 
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attenuation,  but  the  coplanar  waveguide  is  also  reciprocal  for 
this  mode  of  propagation. 

3.  Longitudinal  Magnetic  Field 

Experiments  were  conducted  on  coplanar  waveguide  with 
the  same  conditions  as  in  b.  except  that  the  bias  field  was 
changed  to  be  in  the  longitudinal  direction.  Pictures  4-24 
and  4-25  show  the  attenuation  and  phase  shift  with  H  =  2940 

3. 

oersteds.  Pictures  4-26  and  4-27  show  the  return  loss.  The 
attenuation  and  phase  shift  was  the  same  for  both  directions 
of  propagation.  In  Figure  4-24  the  attenuation  is  50  db  from 
10  to  11.3  GHz,  and  attenuation  is  greater  than  the  case  of 
transverse  magnetic  bias. 
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Figure  4-24.  Coplanar  Attenuation  vs.  Frequency,  1"  substrate 
(GlOOl) .  External  longitudinal  biasing  magnetic 
field  =  2940  oersted.  Horizontal  axis:  frequency 
sweep  from  8  to  12.4  GHz.  Vertical  axis:  10 
db/DIV. 
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Figure  4-25-  Coplanar  Phase  Shift  vs.  Frequency,  1"  substrate 
(GlOOl) .  External  longitudinal  biasing  magnetic 
field  =  2940  oersteds.  Horizontal  axis:  frequency 
sweep  from  8  to  12.4  GHz.  Vertical  axis:  45 
deg/DIV. 
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Figure  4-26.  Coplanar  Return  Loss  vs.  Frequency  in  the  Absence 
of  External  Biasing  Magnetic  Field.  1”  substrate 
(GlOOl) .  Horizontal  axis;  frequency  sweep  from 
8  to  12.4  GHz.  Vertical  axis:  10  db/div. 
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Zero  db 
reference 


Figure  4-27.  Coplanar  Return  Loss  vs.  Frequency.  External 
Longitudinal  Magnetic  Field  =  2940  oersteds. 

1"  substrate  (GlOOl) .  Horizontal  axis:  fre¬ 
quency  sweep  from  8  to  12.4  GHz.  Vertical  axis: 
10  db/div. 
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VI.  COMPUTER  RESULTS  FOR  COPLANAR  WAVEGUIDE 


A  frequency  dependent  hybrid  mode  analysis  of  general  co- 
planar  transmission  lines  on  ferrite  substrate  has  been  deve¬ 
loped  by  K.  D.  Kuchler  [Ref.  2] .  A  Fourier  transform  technique 
was  applied  and  the  resulting  expressions  were  evaluated  using 
the  method  of  moments.  An  extension  of  this  technique  was 
used  in  a  perturbational  analysis  of'coplanar  waveguide  on 
ferrite  substrate.  The  computer  programs  developed  by  K.  D. 
Kuchler  were  used  to  solve  the  coplanar  waveguide  and  the 
following  results  were  obtained. 

A.  DISPERSION  AND  ATTENUATION  DIAGRAMS  (TRANVERSE 
MAGNETIZATION,  X-DIRECTION) 

1.  Dispersion  Diagram 

A  computer  analysis  for  coplanar  waveguide  on  GlOOl 
garnet  material  with  different  applied  biasing  magnetic  fields 
with  the  following  specifications  were  obtained. 

G-lOOl,  2"  X  2"  dimension 

D  =  0.635  mm.  S/D  =  3.15  W/D  =  1.260 

4TrM  =  1200.0  e  =  15.2 

s  r 

Figures  4-28  and  4-29  indicate  the  w-B  diagrams  for  both  direc¬ 
tions  of  propagation  for  applied  biasing  magnetic  fields  of 
2940  and  3215  oersteds.  The  results  are  tabulated  in  Tables 
18  and  19  which  is  both  for  coplanar  waveguide  on  dielectric 
material  as  well  as  ferrite  material. 
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4-28.  Coplanar  Waveguide  Phase  Shift  vs.  Frequency. 
Transverse  Magnetization  (X-Direction ) , 
Computer  Analysis. 
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Phase  Shift  deg/jnch 


Figure  4-29.  Coplanar  Waveguide  Phase  Shift  vs.  Frequency, 

Transverse  Magnetization  (X-Direction) ,  Computer 
Analysis . 
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From  Figures  4-28  and  4-29,  the  w-g  diagram,  it  is 
evident  that  there  are  two  propagation  branches ,  a  low  fre¬ 
quency  and  a  high  frequency  branch. 

As  frequency  is  increased  from  zero,  the  phase  shift 
increases,  reaches  a  maximum  and  then  at  resonance  it  switches 
sharply  to  a  negative  value  of  phase  shift;  and  as  frequency 
is  further  increased,  the  value  of  phase  shift  becomes  less 
negative.  The  fact  that  the  phase  shift  is  negative  does  not 
indicate  that  the  wave  has  changed  its  direction  of  propaga¬ 
tion;  it  is  merely  a  mathematical  convenience  inherent  in  the 
solution.  The  w-g  diagram  for  opposite  direction  of  propaga¬ 
tion  are  of  the  same  shape  except  that  the  maximiam,  minimum 
values  are  reduced. 

The  computer  analysis  dispersion  diagrams  (to-g)  exhibit 
no  cutoff  region  as  it  was  noticed  (interpreted)  from  experi¬ 
ments.  Maximum  phase  shift  for  forward  direction  in  the  case 
of  =  3215.0  oersteds  was  1009.2  deg/inch  at  10.4  GHz,  while 

the  minimum  phase  shift  was  -1008.24  deg/ inch  at  10.6  GHz.  The 
phase  shift  at  10.5  GHz  was  -57.87  deg/inch. 

2 .  Attenuation  Diagrams 

The  computer  analysis  of  attenuation  of  2"  coplanar 
waveguide  on  GlOOl  material  with  the  same  conditions  and 
specifications  as  in  VI. A. 1  with  different  applied  biasing 
magnetic  fields  was  obtained.  Figures  4-30  and  4-31  indicate 
the  attenuation  diagrams  for  both  directions  of  propagation 
for  applied  magnetic  fields  of  2940.0  and  3215.0  oersteds. 

The  results  are  tabulated  in  Tables  18  and  19. 
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Figure  4-30.  Attenuation  vs.  Frequency  of  Coplanar  Waveguide 
Transverse  Ilagnetization  (X-Direction)  ,  Computer  Analysis. 
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Figure  4-31.  Attenuation  vs.  Frequency  of  Coplanar  VJaveguide. 

Transverse  Magnetization  (X-Direction)  Computer 
Analysis . 
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Computer  analysis  attenuation  diagrams  exhibit  a  sharp 
attenuation  at  resonance  and  falls  off  rapidly  to  zero.  Com¬ 
puter  analysis  does  not  indicate  any  stop  band  as  it  was 
evidenced  from  experimental  results.  The  maximum  attenuation 

in  the  case  of  H  =  3245  oersteds  for  the  forward  direction 

a 

was  218.42  db/cm;  whereas  for  the  reverse  direction,  it  was 
306.255  db/cm  occurring  at  10.5  GHz. 
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VII.  COMPARISON  BETWEEN  EXPERIMENTAL  AND  COMPUTER  ANALYSIS 

FOR  COPLANAR  WAVEGUIDE 


Comparisons  between  the  experimental  and  computer  analysis 
results  of  a  transversely  magnetized  (x-direction ,  see  figure 
1-2)  coplanar  waveguide  indicate  certain  differences  as  well 
as  agreement  between  them  as  follows. 

A.  STOP  BAND 

From  experimental  results,  the  phase  photographs  of  Figures 
4-5  and  4-13  exhibit  a  stop  band;  whereas  the  plots  based  on 
the  computer  analysis  do  not  indicate  a  stop  band. 

B.  EXPERIMENTAL  co-B  DIAGRAM 

Experimental  w-B  diagrams  of  Figs.  4-6  and  4-14  indicate 
that  as  frequency  increases  in  lower  frequency  branch,  the 
phase  shift  increases  as  well,  which  is  in  agreement  with  the 
computer  analysis  results. 

Also  experimentally  in  the  upper  frequency  branch,  the 

phase  shift  increases  with  frequency;  whereas  the  computer 

analysis  results  indicate  that  the  phase  shift  from  a  minimum 

value  which  in  the  case  of  H  =  3215.0  oersteds  is  -1008.24 

a 

deg/inch  will  increase  as  frequency  is  increased;  again,  this 
is  in  agreement  with  the  experiment,  although  the  phase  shift 
change  from  -1008.24  to  -254.0  deg/ inch  was  interpreted  as  an 
increase  in  the  phase  shift. 

If  the  change  of  sign  is  interpreted  as  the  change  of 
direction  of  propagation,  then  the  computer  analysis  result 
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is  not  in  agreement  with  the  interpretation  of  experimental 
results . 

C.  GRADIENTS  OF  w-g  DIAGRAMS 

The  gradients  of  w-B  diagrams  of  experimental  and  computer 
analysis  differ  at  each  frequency. 

D.  ATTENUATION 

Experimental  attenuation  pictures  of  Figs.  4-7,  4-8,  4-15 
and  4-16  exhibit  a  stop  band  for  both  directions  of  propagation. 
The  stop  bands  for  the  case  of  H  =  2940.0  oersteds  for  both 
directions  of  propagation  were  1.2  and  0.78  GHz. 

For  the  case  of  H  =  3215.0  oersteds,  the  stop  bands  were 
0.88  and  1.35  GHz.  The  computer  analysis  results  plotted  in 
Figs.  4-9  and  4-10  do  not  indicate  any  stop  band.  ‘The  amount 
of  attenuation  is  far  greater  from  computer  results  than  by 
the  experiment  for  both  directions  of  propagation. 

Computer  analysis  indicates  almost  a  sharp  notch  at  a 
frequency  which  could  be  taken  as  the  resonance  frequency,  which 
is  contrary  to  the  experimental  results. 

E.  EXPERIMENTAL  RESULTS  OF  COPLANAR  WAVEGUIDE 

The  experimental  results  indicate  that  the  coplanar  wave¬ 
guide  roughly  behaves  as  a  nonreciprocal  band  rejection  filter. 
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VIII.  CONCLUSION 


In  this  thesis  both  a  microstrip  transmission  line  and  a 
coplanar  waveguide  on  GlOOl  ferrite  substrate  were  designed. 

The  experimental  dispersion  (w-g)  and  attenuation  diagrams  for 
different  external  magnetic  fields  were  obtained.  The  experi¬ 
mental  microstrip  transmission  line  results  were  compared  with 
theoretical  work  based  on  perturbation  theory,  and  they  did 
not  agree  well.  The  microstrip  experimental  results  were  in 
agreement  with  the  experimental  results  of  other  investigations. 
It  was  established  that  the  microstrip  on  ferrite  substrate  is 
a  reciprocal  band  rejection  filter,  which  can  be  tuned  by 
external  applied  magnetic  field. 

The  experimental  coplanar  waveguide  results  were  roughly 
in  agreement  with  the  theory  based  on  perturbation  except  in 
few  cases.  The  coplanar  waveguide  is  also  a  nonreciprocal 
band  rejection  filter  which  can  be  tuned  by  external  applied 
magnetic  field. 

While  the  agreement  between  theory  and  experiment  leaves 
much  to  be  desired,  it  should  be  stressed  that  one  should  not 
expect  high  accuracy  from  a  perturbational  analysis  of  the 
changes  which  occur  are  too  great.  In  the  absence  of  any 
rigorous  theory,  however,  perturbation  theory  can  be  useful 
as  an  indicator  of  interaction  between  the  electromagnetic 
field  and  the  material  and  can  reveal  certain  features  of  the 
interaction.  The  need  for  further  theoretical  work  on  these 
structures  is  clear,  however. 
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APPENDIX  A 


TABLE  1 

PROPERTIES  OF  MAGNETIC  SUBSTRATE 


CHARACTERISTICS 

G-lOOl 

GADOLINIUM  DOPED 

IRON  GARNET 

Saturation  Magnetization  (4TrM  ) 
in  gauss  @  23®C  ^ 

1200  +  5% 

g-effective  @  9.4  GHz 

1.99  +  1% 

Line  Width  (AH)  in  oersteds 
@  -3db  and  9.4GHz 

75  +  20% 

Line  Width  (AH)  in  oersteds 
@  -15db  and  9.4  GHz 

360  +  20% 

Dielectric  Constant  (e)  @  9.4  GHz 

15.2  +  5% 

Dielectric  Loss  Tangent  (tan6) 

@  9.4  GHz 

<  .0002 

Curie  Temperature  in  ®C 

280 

Spin  Wave  Line  Width  (AH,  )  in 
oersteds  @  9.4  GHz 

4.30 

Switching  Coefficient*  (S^)  in 
oersted  •  psec 

1.02 

Switching  Intercept*  (Hq)  in 
orsteds 

0.89 

Initial  Permeability  (Pg)  @1  KHz 

72 

*10%  output  voltage  measurement 

111 


TABLE  2 


EXPERIMENTAL  RESULT 


Resonance  frequency  vs.  transverse  (y-direction)  applied 
biasing  magnetic  field  of  microstrip  transmission  line 

G-lOOl  1”  X  1"  dimension 
D  =  .635  mm  W  =  0.508  mm 

E  =15.2  4ttM  =  1200.0  gauss 

1C  s 


Frequency  F 
in  GHz  ^ 

Applied  Magnetic 

Field  H  ,  in  Gauss 
a 

1.1 

1450 

1.31 

1500 

1.383 

1520 

1.456 

1550 

1.536 

1570 

1.54 

1570 

1.943 

1650 

2.083 

1705 

2.211 

1735 

2.215 

1745 

2.275 

1755 

2.414 

1770 

2.49 

1800 

2.734 

1855 

3.02 

1960 

3.313 

2055 

3.  616 

2150 

3.731 

2200 

3.863 

2250 

3.956 

2280 

4.087 

2345 

4.412 

2450 

4.671 

2535 

5.099 

2700 

6.042 

3050 

6.418 

3195 

6.541 

3230 

6.662 

3280 

6.791 

3320 

6.915 

3370 

8.196 

3800 

8.507 

3910 

9.499 

4240 

10.257 

4480 

10.633 

4750 

10.77 

4800 

10.809 

4700 

10.995 

4750 

11.012 

4860 
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TABLE  2  _  (Continued) 
THEORETICAL  RESULT 


F 

r 


=  Y(Ha 


4TrM  ) 
s 


Frequency  F 
in  GhJ  ^ 

Applied  Magnetic 
Field  in  Gauss 

3. 

1.393 

1700 

2.5 

2100 

3.343 

2400 

4.06 

2660 

4.4576 

2800 

5.572 

3200 

0.0 

1200 
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TABLE  3 


EXPERIMENTAL  RESULTS 


Microstrip  transmission  line  on  ferrite  substrate  GlOOl, 
in  the  absence  of  any  external  magnetic  field 


Thickness  of  Dielectric  D  =  0.635  mm,  W/D  =  .8 


FREQUENCY  IN 

GHZ 

PHASE  SHIFT  IN 

DEG/ INCH. 

3.0 

0 

3.2 

15 

3.6 

82 

3.8 

132 

4.0 

186 

4.4 

225 

4.8 

264 

5.2 

303.9 

5.6 

393.9 

6.0 

434.9 

6.4 

455.9 

6.8 

487.9 

7.2 

536.9 

7.6 

608.9 

8.0 

653.9 

8.44 

680.9 

8.88 

711.9 

9.1 

734.9 

9.32 

779.9 

9.54 

824.9 

9.76 

847.9 

9.98 

869.9 

10.20 

887.9 

10.64 

920 

11.08 

977.9 

11.52 

1049.9 

11.96 

1085.9 

12.40 

1157.9 

l"xl"  , 
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TABLE  4 


Microstrip  on  ferrite  substrate  GlOOl,  1"  x  1" 
Thickness  of  dielectric  D  =  0.635  mm.,  W/D  =  .8 
Permittivity  =  15.2 

Saturation  Magnetization  =  1200  +  5%  Gauss 

Magnetic  Biasing  Field  =  1730.0  Orstead 

Line  width  =  75.0  Orstead,  LANDE -G  Factor  =  1.99 


Directions 


FREQUENCY 

GHZ 

PHASE  SHIFT 

DEG. /INCH 

2.0 

360.0 

2.1 

382.0 

2.2 

416.0 

2.3 

472.0 

2.4 

577.0 

2.5 

707.  0 

2.6 

877.0 

2.7 

1092.0 

2.75 

1192.0 

3.3 

360.0 

3.4 

378.0 

3.5 

388.0 

3.6 

424.0 

3.7 

455.0 

3.8 

470.0 

3.9 

486.0 

4.0 

516.0 
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TABLE  5 


Microstrip  on  ferrite  substrate  GlOOl,  1"  x  1" 

Thickness  of  dielectric  D  =  0.635  mm,  W/D  =  0.8 
Permittivity  =  15.2 

Saturation  Magnetization  =  1200  +  5%  Gauss 
Magnetic  Biasing  Field  =  1730.0  Orstead 

Line  width  =  75.0  Orstead  LANDE -G  Factor  =  1.99 

Z  Direction  of  Propagation 


FREQUENCY 

GHZ 

PHASE  SHIFT 

DEG/INCH 

2.0 

360.0 

2.2 

415.0 

2.3 

486.0 

2.4 

589.0 

2.5 

742.0 

2.6 

900.0 

2.7 

1125.0 

2.8 

1444.0 

2.85 

1597.0 

3.3 

360.0 

3.4 

374.0 

3.5 

390.0 

3.6 

426.0 

3.7 

448.0 

3.8 

462.0 

3.9 

480.0 

4.0 

503.0 
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TABLE  6 


Microstrip  on  ferrite  substrate  GlOOl,  1"  x  1" 

Thickness  of  dielectric  D  =  0.635  iran,  W/D  =  0.8 
Permittivity  =  15.2 

Saturation  Magnetization  =  1200  +  5%  Gauss 
Magnetic  Biasing  Field  =  2670.0  Orsted 

Line  width  =  75.0  Orstead  LANDE-G  Factor  =  1.99 


FREQUENCY 

GHZ 

PHASE  SHIFT 

DEG/INCH 

4.0 

360.0 

4.2 

405.0 

4.4 

517.0 

4.6 

652.0 

4.8 

832.0 

5.0 

1125.0 

5.1 

1260.0 

5.7 

360.0 

5.8 

369.0 

6.0 

414.0 

6.2 

531.0 

6.4 

576.0 

6.6 

630.0 

6.8 

684.0 

7.0 

738.0 

7.2 

760.0 

7.6 

796.0 

7.8 

804.0 

8.0 

849.0 
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TABLE  7 


Microstrip  on  ferrite  substrate  GlOOl,  1"  x  1” 

Thickness  of  dielectric  D  =  .635  mm,  W/D  =  .8 
Permittivity  =  15.2 

Saturation  Magnetization  =  1200  +  5%  Gauss 
Magnetic  Biasing  Field  =  3100.0  Orsted 

Line  width  =  75.0  Orstead  LANDE-G  Factor  =  1.99 


FREQUENCY 

GHZ 

6-PHASE  SHIFT 

DEG/INCH 

4.0 

360.0 

4.2 

418.0 

4.3 

441.0 

4.4 

459.0 

4.6 

486.0 

00 

• 

513.0 

4.9 

531.0 

5.0 

561.0 

5.1 

607.0 

5.2 

648.0 

5.4 

711.0 

5.5 

779.0 

5.6 

846.0 

00 

• 

in 

954.0 

6.0 

1143.0 

6.2 

1404.0 

6.3 

1593.0 

7.1 

360.0 

• 

to 

391.5 

7.4 

494.0 

7.6 

585.0 

00 

• 

662.5 

8.0 

707.0 
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TABLE  8 


THEORETICAL  PHASE  SHIFT  OF  TRANSVERSELY  MAGNETIZED  MICROSTRIP 

TRANSMISSION  LINE 

H  =  3100.0  oersted 
a 

GlOOl  material 


FREQUENCY  ' 

IN  GHz 

2  2 

U  -  VI  -  K 

PHASE  SHIFT 

IN  DEG/ INC 

^ef  f  y 

1 

1.6457 

152.55 

2 

1.6921 

309.37 

3 

1.7864 

464.05 

4 

1.9716 

667.0 

5 

2. 3937 

919.9 

6 

3.97 

1421.6 

6.5 

4.3937 

9236 

6.8 

-54.2 

6.9 

-14.25 

7 

-3.375 

8 

-  .5793 

in 

• 

CO 

-  .08824 

8.6 

-  .02235 

8.7 

.0376 

200.6 

GO 

• 

00 

.  0898 

366.36 

9.0 

.1667 

436.9 
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TABLE  9 


Microstrip  on  ferrite  substrate  GlOOl,  1"  x  1" 

Thickness  of  dielectric  D  =  0.635  mm,  W/D  =  .8 
Permittivity  =  15.2 

Saturation  Magnetization  =  1200  +  5%  Gauss 
Magnetic  Biasing  Field  =  3100.0  Orsted 

Line  width  =  75.0  Or stead  LANDE-G  Factor  =  1.99 


FREQUENCY 

GHZ 

PHASE  SHIFT 

DEG/INCH 

8.0 

8.44 

8.66 

8.88 

615.0 

9.10 

702.0 

9.32 

810.0 

9.54 

1035.0 

9.63 

1112.0 

12.16 

360.0 

12.18 

383.0 

12.29 

477.0 

12.4 

594.0 
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TABLE  10 


Microstrip  on  ferrite  substrate  GlOOl,  2"  x  2" 

Thickness  of  dielectric  D  =  0.635  mm,  W/D  =  0.8 
Permittivity  =  15.2 

Saturation  Magnetization  =  1200  +  5%  Gauss 
Magnetic  Biasing  Field  =  2650.0  Orsted 

Line  width  =  75.0  Orstead  LANDE  - G  Factor  =  1.99 

z"*"  Direction  of  Propagation 


FREQUENCY 

GHZ 

PHASE  SHIFT 

DEG/ INCH 

4.0 

360.0 

4.2 

490.0 

4.4 

630.0 

4.6 

850.0 

4.8 

1080.0 

5.0 

1440.0 

5.2 

1890.0 

6.3 

360.0 

6.4 

450.0 

6.5 

540.0 

6.6 

630.0 

6.8 

720.0 

6.9 

810.0 

7.0 

845.0 

7.2 

890.0 

7.4 

990.0 

7.6 

1035.0 

7.8 

1080.0 

8.0 

1170.0 
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TABLE  11 


Microstrip  on  ferrite  substrate  GlOOl,  2"  x  2" 

Thickness  of  dielectric  D  =  0.635  itiin,  W/D  =  0.8 
Pemittivity  =  15.2 

Saturation  Magnetization  =  1200  +  5%  Gauss 
Magnetic  Biasing  Field  =  2650.0  Orsted 

Line  width  =  75.0  Or stead  LANDE-G  Factor  =  1.99 


Z  Direction  of  Propagation 


FREQUENCY 

GHZ 

PHASE  SHIFT 

DEG/ INCH 

4.0 

360 

4.2 

466 

4.4 

574 

4.6 

745 

4.8 

925 

5.0 

1210 

5.2 

1600 

5.3 

1830 

6.4 

360.0 

6.6 

495.0 

6.8 

630.0 

7.0 

780.0 

7.1 

810.0 

7.2 

900.0 

7.4 

945.0 

7.6 

999.0 

7.8 

1099.0 

8.0 

1149.0 
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TABLE  12 


COMPUTER  OUTPUT  OF  PHASE  SHIFT  AND  ATTENUATION  FOR  BOTH  DIREC¬ 
TIONS  OF  PROPAGATION  (z"*",  Z~ )  AS  A  FUNCTION  OF  FREQUENCY 
OF  MICROSTRIP  TRANSMISSION  LINE 


Microstrip  on  Ferrite  Substrate  GlOOl,  1"  x  1" 

Thickness  of  Dielectric  D  =  0.635  mm,  W/D  =  0.8 
Permittivity  =  15.2 

Saturation  Magnetization  =  gauss 
Magnetic  Biasing  Field  Ha  =  1730.0  orsteds 

Line  Width  =  75.0  orsteds  LANDE-G  Factor  =  1.99 

Resonance  Frequency  F  =  2.8  GHz 


Frequency 

GHz 


Phase  Shift  Phase  Shift  Attenuation  Attenuation 
Deg. /Inch  Deg. /Inch  db./Inch  db./Inch 

z"*"  Direction  Z  Direction  Direction  Z  Direction 


0.  600 

-8.952243 

-2.925009 

0.008835 

0.002887 

0.700 

-10.709913 

-3.538090 

0.010927 

0.003610 

0.800 

-12.591203 

-4.203658 

0.013351 

0.004457 

0.900 

-14.620826 

-4.930667 

0.016196 

0.005462 

1.000 

-16.827478 

-5. 730009 

0.019579 

0.006667 

1.100 

-19.245786 

-6.615079 

0.023650 

0.008129 

1.200 

-21.920686 

-7.602491 

0.028615 

0.009924 

1.  300 

-24.907612 

-8.713256 

0.034747 

0.012155 

1.400 

-28.275878 

-9.974376 

0.042426 

0.014966 

1.500 

-32.118007 

-11.421030 

0.052190 

0.018559 

1.600 

-36.556169 

-13.100088 

0.064822 

0.023229 

1.700 

-41.753228 

-15.075516 

0.081479 

0.029419 

1.  800 

-47.945117 

-17.436494 

0.103964 

0.037809 

1.900 

-55.464211 

-20.312023 

0.135155 

0.049496 

2.000 

-64.811408 

-23.895342 

0.179896 

0.066326 

2.100 

-76.768901 

-28.489998 

0.246816 

0.091597 

2.200 

-92.649983 

-34.600836 

0.352520 

0.131651 

2.300 

-114.800320 

-43.135511 

0.532110 

0.199937 

2.400 

-147. 907725 

-55.903593 

0.870541 

0.329032 

2.500 

-202.834501 

-77.104740 

1.617932 

0.615035 

2.600 

-311. 775387 

-119.174207 

3.793495 

1.450040 

2.700 

-627.842264 

-241.277787 

15.541324 

5.972482 

2.800 

-11.817790 

-4.565293 

603.387815 

233.092813 

2.900 

659.931622 

256.220280 

16.945996 

6.579330 

3.000 

345.026561 

134.614532 

4.510439 

1.759780 

3.100 

236.327530 

92.642597 

2.097890 

0.822393 

3.  200 

181.507626 

71.479577 

1.231148 

0.484839 
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TABLE  12  (Continued) 


Frequency  Phase  Shift  Phase  Shift  Attenuation  Attenuation 


GHz 

Deg. /Inch 

Deg. /Inch 

db./Inch 

db./Incl 

z"*”  Direction 

Z  Direction 

Z  Direction 

Z  Direct: 

3.300 

148.477047 

58.733277 

0.820946 

0.324743 

3.400 

126.395961 

50.214886 

0.593474 

0.235777 

3.500 

110.585464 

44.118573 

0.453570 

0.180954 

3.600 

98.701923 

39.538318 

0.361010 

0.144615 

3.700 

89.439721 

35.969834 

0.296358 

0.119186 

3.800 

82.013467 

33.110202 

0.249259 

0.100630 

3.  900 

75.923737 

30.766434 

0.213783 

0.086631 

4.000 

70.839011 

28.809695 

0.186329 

0.075779 

4.100 

66.525020 

27.150989 

0.164588 

0.067174 

4.200 

62.820085 

25.726411 

0.147048 

0.060220 

4.300 

59.600853 

24.489338 

0.132660 

0.054509 

4.400 

56.777314 

23.404652 

0.120692 

0.049751 

4.500 

54.280009 

22.445521 

0.110613 

0.045740 

4.600 

52.054291 

21.591108 

0.102032 

0.042321 

4.700 

50.058699 

20.824858 

0.094658 

0.039378 

4.800 

48.257891 

20.133648 

0.088264 

0.036825 

4.900 

46.624790 

19.506765 

0.082680 

0.034591 

5.000 

45.135717 

18.935528 

0.077766 

0.032625 

5.100 

43.773539 

18.412621 

0.073417 

0.030882 

5.200 

42.521628 

17.932085 

0.069545 

0.029328 

5.300 

41. 366906 

17.488857 

0.066079 

0.027937 

5.400 

40.298299 

17.078657 

0.062962 

0.026684 

5.500 

39.306368 

16.697833 

0.060147 

0.025551 
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TABLE  13 


COMPUTER  OUTPUT  OF  PHASE  SHIFT  AND  ATTENUATION  FOR  BOTH  DIREC¬ 
TIONS  OF  PROPAGATION  (7,^ ,  z“)  AS  A  FUNCTION  OF  FREQUENCY 
OF  MICROSTRIP  TRANSMISSION  LINE 


Microstrip  on  Ferrite  Substrate  GlOOl,  1"  x  1" 

Thickness  of  Dielectric  D  =  0.635  mm,  W/D  =  0.8 
Permittivity  =  15.2 

Saturation  Magnetization  =  gauss 

Magnetic  Biasing  Field  Ha  =  2670.0  orsteds 

Line  Width  =  75.0  orsteds  LANDE-G  Factor  =  1.99 

Resonance  Frequency  F  =  5.192GHz 


Frequency 

GHz 

Phase  Shift 
Deg. /Inch 

Direction 

Phase  Shift 
Deg. /Inch 

Z  Direction 

Attenuation 
db ./Inch 

Z^  Direction 

Attenuatioi 

db./Inch 

Z  Directic 

2.692 

-36.980804 

-14.205681 

0.031157 

0.011969 

2.792 

-39.751393 

-15.349932 

0.035002 

0.013516 

2.892 

-42.755436 

-16.593209 

0.039433 

0.015304 

2.992 

-46.023054 

-17.949070 

0.044564 

0.017380 

3.092 

-49.593527 

-19.433499 

0.050542 

0.019805 

3.192 

-53.511461 

-21.065796 

0.057553 

0.022657 

3.  292 

-57.833539 

-22.869198 

0.065833 

0.026032 

3.  392 

-62.627621 

-24.872167 

0.075689 

0.030059 

3.492 

-67.975046 

-27.109990 

0.087521 

0.034905 

3.592 

-73.981707 

-29.626561 

0.101867 

0.040793 

3.692 

-80.780881 

-32.477515 

0.119452 

0.048025 

3.792 

-88.540797 

-35.734534 

0.141274 

0.057018 

3.892 

-97.483546 

-39.491233 

0.168744 

0.068359 

3.992 

-107.905173 

-43.872415 

0.203893 

0.082899 

'4.092 

-120.212094 

-49.048068 

0.249747 

0.101900 

4.192 

-134.963808 

-55.256609 

0.310931 

0.127301 

4.292 

-152.980172 

-62.841625 

0.394849 

0.162197 

4.392 

-175.482490 

-72.318638 

0.513876 

0.211775 

4.492 

-204.388284 

-84.497135 

0.689963 

0.285241 

4.592 

-242.897992 

-100.724267 

0.965087 

0.400199 

4.692 

-296.748939 

-123.421383 

1.427595 

0.593753 

4.792 

-377.394139 

-157.416140 

2.290201 

0.955273 

4.892 

-511.395765 

-213.910584 

4.076192 

1.746850 

4.992 

-777.413854 

-326.070578 

9.612059 

4.031584 

5.092 

-1549.462994 

-651.619595 

38.675397 

16.264762 

5.192 

-15.584564 

-6.570995 

1475.455534 

622.103446 

5.  292 

1599.993165 

676.305772 

40.734867 

17.218339 

5.392 

829.630511 

351.535534 

10.663098 

4.518226 
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TABLE  1 3 { Continued ) 


Frequency  Phase  Shift  Phase  Shift  Attenuation 


GHz 

Deg. /Inch 

Direction 

Deg. /Inch 

Z  Direction 

db./Inch 
Z^  Directic 

5.492 

563.938170 

239.522946 

4.879675 

5.592 

430.053603 

183.080208 

2.818606 

5.692 

349.469599 

149.109016 

1.850685 

5.792 

295.660006 

126.424211 

1.317895 

5.892 

257.180665 

110.204183 

0.992540 

5.992 

228.298708 

98.030032 

0.778767 

6.092 

205.818740 

88.555640 

0.630432 

6.192 

187.827196 

80.971943 

0.523081 

6.292 

173.097935 

74.764113 

0.442726 

6.392 

160.818103 

69.588391 

0.380911 

6.492 

150.422321 

65.206834 

0.332260 

6.592 

141.507332 

61.449373 

0.293227 

6.692 

133.778045 

58.191211 

0.261393 

6.792 

127.011077 

55.338863 

0.235055 

6.892 

121.037463 

52.820699 

0.212993 

6.992 

115.725168 

50.581043 

0.194309 

7.  092 

110.969351 

48.575970 

0.178332 

7.192 

106.687804 

46.770226 

0.164550 

7.292 

102.811835 

45.135414 

0.152569 

7.392 

99.286246 

43.648229 

0.142079 

7.492 

96.066442 

42.289349 

0.132838 

Attenuation 

db./Inch 

Z  Direction 


2.072557 

1.199923 

0.789636 

0.563532 

0.425312 

0.334398 

0.271250 

0.225499 

0.191221 

0.164826 

0.144032 

0.127334 

0.113702 

0.102414 

0.092950 

0.084929 

0.078063 

0.072136 

0.066979 

0.062461 

0.058476 
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TABLE  14 


COMPUTER  OUTPUT  OF  PHASE  SHIFT  AND  ATTENUATION  FOR  BOTH  DIREC¬ 
TIONS  OF  PROPAGATION  ,  Z~ )  AS  A  FUNCTION  OF  FREQUENCY 
OF  MICROSTRIP  TRANSMISSION  LINE 


Microstrip  on  Ferrite  Substrate  GlOOl,  1"  x  1” 

Thickness  of  Dielectric  D  =  0.635  mm,  W/D  =  0.8 

Permittivity  =  15.2 

Saturation  Magnetization  =  gauss 

Magnetic  Biasing  Field  Ha  =  3100.0  orsteds 

Line  Width  =  75.0  orsteds  LANDE-G  Factor  =  1.99 

Resonance  Frequency  F  =  6.364  GHz 


Frequency  Phase  Shift 
GHz  Deg. /Inch 

Direction 


Phase  Shift  Attenuation  Attenuation 
Deg. /Inch  db./Inch  db./Inch 

Z  Direction  Z^  Direction  Z  Direction 


3.364 

-40.689227 

-16.140354 

0.028616 

0.011351 

3.464 

-43. 218489 

-17.216413 

0.031533 

0.012561 

3.564 

-45.924498 

-18.369680 

0.034814 

0.013926 

3.664 

-48.826542 

-19.608707 

0.038518 

0.015469 

3.764 

-51. 947441 

-20.943334 

0.042717 

0.017222 

3.864 

-55.314321 

-22.384941 

0.047496 

0.019221 

3.964 

-58.957478 

-23.946879 

0.052960 

0.021511 

4.064 

-62.913903 

-25.644745 

0.059240 

0.024147 

4.164 

-67.225781 

-27.497058 

0.066495 

0.027198 

4.264 

-71. 943269 

-29.525866 

0.074924 

0.030749 

4.364 

-77.129181 

-31.757488 

0.084783 

0.034909 

4.464 

-82.856793 

-34.223932 

0.096396 

0.039816 

4.564 

-89.215586 

-36.964324 

0.110179 

0.045650 

4.664 

-96.318229 

-40.026876 

0.126684 

0.052646 

4.764 

-104.304421 

-43.471912 

0.146640 

0.061116 

4.864 

-113.349798 

-47.375910 

0.171033 

0.071485 

4.964 

-123.682873 

-51.837035 

0.201225 

0.084336 

5.064 

-135.599435 

-56.983807 

0.239129 

0.100491 

5.164 

-149.495383 

-62.987470 

0.287504 

0.121135 

5.264 

-165.912304 

-70.081365 

0.350447 

0.148029 

5.364 

-185.604131 

-78.592315 

0.434229 

0.183870 

5.464 

-209.661634 

-88.992073 

0.548851 

0.232963 

5.564 

-239.722711 

-101.987708 

0.711041 

0.302505 

5.664 

-278.350068 

-118.690023 

0.950412 

0.405261 

5.  764 

-329.824174 

-140.947358 

1.323539 

0.565602 

5.864 

-401.818894 

-172.081897 

1.949363 

0.834829 

5.964 

-509.652403 

-218.717227 

3.113941 

1.336347 

6.064 

-688.858348 

-296.221821 

5.654597 

2.431581 
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TABLE  14  (Continued) 


Frequency  Phase  Shift  Phase  Shift  Attenuation  Attenuation 
GHz  Deg. /Inch  Deg. /Inch  db./Inch  db./Inch 

 Direction  Z  Direction  Z^  Direction  Z  Direction 


6.164 

-1044.637713 

-450.096404 

12.961378 

5.584586 

6.264 

-2077.178462 

-896.699044 

51.941140 

22.422518 

6.364 

-17.007902 

-7.355834 

1973.681038 

853.607375 

6.464 

2135.835994 

925.407437 

54.277239 

23.517049 

6.564 

1105.194628 

479.699295 

14.153419 

6.143158 

6.664 

749.785387 

325.993374 

6.452459 

2.805415 

6.764 

570.714841 

248.547290 

3.713252 

1.617128 

6.864 

462.944589 

201.938529 

2.429194 

1.059625 

6.964 

390.985068 

170.817819 

1.723610 

0.753029 

7.  064 

339.540182 

148.567714 

1.293501 

0.565978 

7.164 

300.931565 

131.869488 

1.011368 

0.443186 

7.264 

270.888139 

118.875720 

0.815925 

0.358058 

7.364 

246.846697 

108.476413 

0.674703 

0.296497 

7.464 

227.170030 

99.964921 

0.569162 

0.250457 

7.  564 

210.768122 

92.869712 

0.488093 

0.215066 

7.664 

196.885997 

86.864193 

0.424383 

0.187234 

7.764 

184.985164 

81.714933 

0.373345 

0.164920 

7.  864 

174.669740 

77.250762 

0.331777 

0.146734 

7.964 

165.640170 

73.343458 

0.297433 

0.131700 

8.  064 

157.672967 

69.894556 

0.268706 

0.119114 
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TABLE  15 


Co-planar  Waveguide  on  Ferrite  Substrate  G-lOOl,  2"  x  2"  in 
the  Absence  of  Any  External  Magnetic  Field 


Thickness  of  Dielectric  D  =  0.635  mm,  W/D  =  1.260,  S/D  =  3. 


a.  Experimental  Results 


Frequency  in 
GHz 

Phase  Shift  in 

Deg/2  Inch 

4.0 

630.0  (arbitrary  reference) 

4.4 

697.0 

4.8 

761.0 

5.4 

855.0 

6.0 

940.0 

b.  Computer  Analysis  Results  (CoPlan) 


Frequency  in 

GHz 

Phase  Shift  in 
Deg/2  Inch 

6.0 

843.153 

7.0 

990.30 

8.0 

1140.24 

9.0 

1292.133 

10.0 

1446.6 

15 
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TABLE  16 


Co-planar  Waveguide  on  Ferrite  Substrate,  GlOOl,  2"  x  2" 

Thickness  of  dielectric  D  =  0.635  mm,  W/D  =  1.260,  S/D  =  3.15 

Magnetic  Biasing  Field  (Transverse  X  direction)  =  2950.0 

orsteads 


FREQUENCY 

GHz 

DIRECTION 

PHASE  SHIFT  DEG/INCH 

Z“  DIRECTION 

PHASE  SHIFT  DEG/INCH 

8.0 

360.0 

360.0 

8.44 

405.0 

412.0 

8.66 

445.0 

8.88 

450.0 

472.0 

9.10 

508.0 

9.32 

498.0 

558.0 

9.42 

503.0 

9.54 

597.0 

10.2 

360.0 

10.3 

369.0 

10.42 

387.0 

10.53 

401.0 

10.64 

423.0 

10.74 

360.0 

10.75 

445.0 

10.86 

463.0 

383.0 

11.08 

499.0 

442.0 

11.30 

535.0 

501.0 

11.52 

567.0 

532.0 

11.74 

591.0 

561.0 

11.96 

614.0 

586.0 

12.18 

637.0 

12.40 

664.0 

645.0 
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TABLE  17 


EXPERIMENTAL  RESULTS 

Co-planar  Waveguide  on  Ferrite  Substrate,  G-lOOl,  2"  x  2" 

Thickness  of  dielectric  D  =  0.635  mm,  W/D  =  1.260,  S/D  =  3.15 

Magnetic  Biasing  Field  (Transverse,  x  direction)  =  3215.0 

orstead 


FREQUENCY 

GHz 

Z'*'  DIRECTION 

PHASE  SHIFT  DEG/INCH 

Z  DIRECTION 

PHASE  SHIFT  DEG/INCH 

8.0 

360.0 

360.0 

8.44 

396.0 

400.0 

8.88 

445.0 

458.0 

9.32 

492.0 

517.0 

9.76 

542.0 

589.0 

9.98 

587.0 

634.0 

10.09 

621.0 

10.20 

649.0 

11.08 

360.0 

11.30 

415.0 

11.33 

360.0 

11.52 

438.0 

394.0 

11.74 

462.0 

11.96 

517.0 

502.0 

12.18 

550.0 

540.0 

12.4 

584.0 

576.0 

131 


CD 


w 

CQ 

< 

Eh 


W 

Eh 

CQ 

D 

05 


W 

Eh 

M 

cr; 

w 

fc4 

z 

o 


w 

Q 


M 


D 

W 


> 


< 


iJ 

cu 

o 

u 


o 

in 


ro 

II 

Q 

\ 

cn 


o 

ID 

<N 


W/D  =  1. 

05  Q 

s 

05  pa 

D  Eh 
C  05 
U  Pi 

pa 
o  o 

u 

o 

•  o 

o  o 

ID 

o  • 

O 

CM  O 

• 

rM  ^ 

o 

II 

U 

II  CN 

Z  II 

o 

M 

M  a 

Pi 

Eh  D 

Eh 

c  pa 

U  CN 

N  M 

W  • 

M  Cm 

D  m 

Eh 

pa 

pa  U 

M 

Q  II 

U  M 

Pm  >h 

<  05 
2  < 

O 

M 

M  s  m 

w  >  o 

05  M 

M  U 

W  Eh  Eh  H 
S  Eh  <  Eh 
M  a  pa 
USDS; 
M  S  Eh  U 
D  pa  •<  < 
Eh  CP  cn  s 


o 

CN 

II 


u 

I 

pa 

Q 

s: 

c 

D 


Q 

pa 

Eh 

05 

ca 

pa 

o 

o 

o 

• 

m 

II 

D 

Eh 

Q 

M 

3: 

pa 

s: 

M 


pa 

M 

ID 

CD 

ID 

ID 

cn 

CM 

in 

cn 

cn 

rH 

CM 

00 

rH 

r- 

<ry 

cry 

Cm 

Q 

in 

m 

o 

CM 

o 

ID 

r- 

cn 

ID 

<ry 

CM 

00 

rH 

cn 

1 

1 

CD 

CM 

o 

ID 

00 

CM 

o 

a^ 

rH 

cry 

CM 

cn 

rH 

rH 

CO 

r- 

00 

< 

C 

Eh 

Eh 

rH 

CM 

CD 

CM 

ID 

00 

ID 

VD 

rH 

00 

o 

cn 

cry 

pa 

pa 

a\ 

CM 

in 

00 

cn 

00 

in 

cn 

CO 

O 

rH 

o 

o  in 

pa 

05 

Pi 

CQ 

CQ 

CM 

cn 

CO 

CO 

m 

ID 

00 

cry 

r- 

1 

cry 

1 

00 

1 

r- 

1 

pa 

> 

§ 

CD 

ID 

rH 

r- 

o  r- 

o 

cry 

ID 

o 

m 

CM 

o  r- 

CO 

00 

pa 

< 

S 

CD 

CM 

cry 

r- 

00 

cn 

CO 

ID 

00 

CO 

cn 

00 

CM 

Eh 

K 

u 

CTl 

r- 

CM 

ID 

in 

ID 

VD 

in 

CM 

cry 

in 

cry 

VD 

00 

CO 

CO 

<;  u 

CP 

2  s: 

CQ 

r- 

CD 

o 

cn 

ID 

rH 

00 

cry 

r- 

00 

rH 

CM 

rH 

o 

Eh  M 

C 

Q 

rH 

rH 

rH 

CM 

CM 

CO 

in 

00 

CM 

CM 

cry 

VD 

CO  J 

CQ  W 

D  > 

rH 

CM 

CM 

CM 

rH 

^  2 

W  Eh 

Eh 

pa 

M 

rH 

rH 

in 

in 

00 

rH 

m 

r- 

r- 

o 

00 

O 

rH 

H  pa 

Pm 

Q 

<y\ 

rH 

r- 

r- 

r- 

rH 

rH 

r- 

CM 

00 

cry 

CM 

VD 

Pi  > 

1 

1 

o 

cn 

o  r- 

00 

00 

cry 

cn 

rH 

o 

00 

m 

CM 

cry 

VD 

CO 

Pi  c 

< 

C 

pa 

Eh 

Eh 

o 

CD 

o  in 

ID 

rH 

O 

rH 

00 

o 

rH 

ID 

o 

m 

CO 

Pm 

pa 

pa 

o 

rH 

ID 

a^ 

CO 

00 

rH 

CD 

CO 

cry 

cry 

o 

CO 

CQ 

CQ 

CM 

CM 

CM 

CM 

CM 

CO 

cn 

m 

in 

VD 

VD 

VD 

m 

Q 

1 

1 

I 

1 

Pi 

Pi 

o 

O 

r- 

G\ 

in 

r- 

CO 

cn 

r- 

rH 

cry 

cry 

cry 

cn 

in 

CM 

Pm 

< 

s 

r- 

ID 

ID 

o 

00 

ID 

CO 

r- 

o 

r- 

VD 

CM 

cry 

o 

VD 

D 

u 

rH 

rH 

CM 

in 

cry 

cry 

ID 

rH 

r- 

cn 

o 

cry 

CD 

o 

cn 

in 

CP 

\ 

D 

CQ 

in 

ID 

r- 

cry 

rH 

a^ 

O 

rH 

<ry 

VD 

CM 

r- 

CM 

CM 

C 

Q 

rH 

rH 

rH 

CM 

VD 

cry 

in 

cry 

in 

o 

VD 

rH 

rH 

rH 

rH 

o 

O 

rH 

rH 

CM 

CM 

cn 

cn 

CO 

in 

in 

VD 

VD 

VD 

o 

(SJ 

r- 

r- 

r- 

r- 

r- 

r- 

r- 

r- 

r- 

r- 

r- 

r- 

r- 

r- 

in 

in 

m 

in 

m 

m 

m 

in 

in 

in 

in 

in 

m 

m 

in 

in 

in 

pa 

Eh 

CP 

Pi  ^5 

c 

< 

cn 

O  <Ti 

00 

ID 

CO 

rH 

cry 

VD 

in 

CM 

rH 

o 

VD 

o  2 

Q 

Q 

CO 

cn 

CO 

CO 

cn 

CO 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

rH 

rH 

Pm  Eh 

CQ 

CQ 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

05 

S 

2 

C  CQ 

< 

Eh  D 

D 

O 

O 

o 

O 

O 

o 

o 

O 

o 

o 

O 

o 

o  o 

o 

O 

O 

C  05 
Q 

U 

D  H 

Pi 

C 

cn 

in 

ID 

r- 

00 

cry 

o 

CM 

cn 

in 

VD 

r>- 

00 

cry 

o 

2  Eh 

Q 

a> 

<Ty 

o^ 

CTy 

(Ty 

cry 

o 

O 

o  o 

o 

o 

o 

o  o 

rH 

pa  u 

CQ 

i-H 

rH 

rH 

rH 

rH 

rH 

rH 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

s;  pa 

a 

S 

O 

o  o 

O 

O 

o 

O 

O 

O 

O  O 

o 

o  o 

O  O 

O 

pa  D 

c 

u  w 

D 

o 

o 

o 

o 

O 

O 

o 

O 

O 

O  O 

o 

o 

o 

o 

o 

O 

M 

U4 

o 

o 

o 

o 

O 

o 

o 

O 

O 

o 

O 

o 

o 

o 

o 

o 

O 

o 

N 

D 

CM 

r- 

CM 

r- 

CM 

r-- 

CM 

r- 

CM 

r- 

CM 

r- 

CM 

CM 

CM 

§ 

rH 

rH 

CM 

CM 

CO 

cn 

in 

in 

VD 

VD 

r- 

r- 

00 

00 

cry 

Cm 

U 

<J^ 

cr> 

a\ 

cry 

<T\ 

cry 

cry 

cry 

cry 

cry 

(Ty 

cry 

cry 

cry 

cry 

cry 

cry 

132 


(CONTINUED) 
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